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1 
 
Abstract 
 
Interesting macroscopic electromagnetic phenomena across microwave, terahertz, 
and optical frequencies can be achieved by controlling the electromagnetic properties of 
materials at micro- and nano-scale level. Harnessing micro- and nano-scale fabrication 
techniques to realise high-resolution structures that enable such explorations is the focus of 
this thesis. 
Micro- and nano-structures operating from microwave to visible frequencies have 
been realised on both rigid and flexible elastomer substrates. These structures enable a 
wide variety of phenomena and applications. The focus is on developing innovative 
fabrication solutions for electromagnetic devices. Innovations are derived from integrating 
a lab-on-a-chip pneumatic device, microfabrication of high-resolution resonator structures 
on rigid substrates and elastomeric polydimethylsiloxane (PDMS), electron-beam 
lithography (EBL) to realise nanopatterns, and device applications. 
Major contributions of this thesis include a micromechanical switch that can be 
operated pneumatically to demonstrate a first bias-voltage-free switching, sub-wavelength 
resonators realised on PDMS substrate with the potential for tuning metamaterials by 
elastic deformation, high Q-factor resonators realised on low-loss rigid planar substrates to 
demonstrate terahertz metamaterials with strong-field enhancements, and to realise high-
resolution dielectric resonator antenna to manipulate visible light. 
2 
 
A process has been established to realise high-resolution microscale patterns on 
elastomeric PDMS substrate. This fabrication technique has enabled novel integration of 
coplanar waveguide with a pneumatic valve to demonstrate switching of RF transmission 
line with greater than 20 dB isolation between its “on” and “off” states. Further, the 
fabrication technique has been extended to realise sub-wavelength resonators operating at 
terahertz frequencies to demonstrate tuning by mechanical deformation, with greater than 
8% resonance frequency tuning with repeatable results over several stretching-relaxing 
cycles. Terahertz metamaterials with high-Q resonances is realised using microfabrication 
processes to demonstrate novel plasmonic phenomena. Coaxial micro-cavities and 
complementary split-ring resonator designs are investigated to demonstrate terahertz 
localised surface plasmon resonances and spoof surface plasmon polaritons, respectively. 
High-resolution nanostructures have been realised using EBL to demonstrate a first all-
dielectric optical antenna, this low-loss optical antenna is used to impart a beam deflection 
of 19.9° at 633 nm, with the deflection angle dependent upon its sub-array geometry. 
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Chapter 1  
Introduction 
1.1 Motivation and Thesis Outline 
Sub-wavelength resonators have attracted a great deal of attention in recent years. 
They are the primitive components that interact with electromagnetic radiation in such a 
way that they can enhance, control and/or modify the electromagnetic radiation. Interesting 
electromagnetic functionalities such as sensors, filters, absorbers, antennas and wave 
trapping can be realised using sub-wavelength resonators. Figure 1.1 shows a chart of 
frequency and wavelength relationship of the electromagnetic spectrum. The chart shows a 
pictorial illustration of the size of the sub-wavelength resonator structures to be realised 
with respect to the frequency of operation. Fabrication processes to realise high-resolution 
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sub-wavelength resonator structures are essential to demonstrate novel electromagnetic 
devices across a broad range of frequencies. 
 
Figure 1.1 Electromagnetic spectrum depicting frequency wavelength relationship. 
 
Fabrication techniques to realise high-resolution sub-wavelength resonators of 
micrometer scales and smaller, on unconventional substrates, are being explored to 
demonstrate interesting engineered electromagnetic responses. The availability of 
microfabrication techniques capable of realising high-resolution sub-wavelength 
resonators required for terahertz radiation is in the early stage of research and open to 
many possibilities for exploring new devices and materials. Terahertz radiation is a form 
of non-ionizing radiation used to image microscopic molecules harmlessly [1-3]. Sub-
wavelength composite structures with engineered electromagnetic response are 
augmenting the terahertz technology by providing devices necessary to control the 
terahertz radiation [4]. 
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Metamaterials realised on flexible and stretchable substrates have the ability to 
bend, stretch, compress, roll and integrate. These features of flexible and stretchable 
resonators add a new dimension to the aspects of manipulating the electromagnetic 
radiation. Tuning of resonant devices by mechanical deformation allows to overcome the 
narrowband frequency operation of metamaterials and to control its Q-factor [5]. 
Metamaterials realised on thin flexible substrate will provide a platform towards realising 
multi-layered non-planar structures that can be easily conformed to demonstrate 
applications like cloaks [6], switchable lenses[7], concentrators and absorbers[8]. 
The motivation of this thesis lies in harnessing the fabrication techniques to 
demonstrate interesting electromagnetic phenomena like metamaterials, plasmonics, and 
light manipulation. Novel dynamic tuning approaches drawn from a cross-disciplinary 
platform are pursued to reduce the complexity in controlling electromagnetic responses of 
metamaterials. High-Q resonances and strong-field enhancements in compact regions are 
enabled by surface plasmons. However, at terahertz frequencies natural materials are 
incapable of supporting surface plasmons. Hence, alternate substrates with complementary 
design geometries are being explored to realise designer surface plasmons at terahertz 
frequencies. Current optical antennas are working on the principle of plasmonic antennas 
that usually suffer from Drude-metal losses when operating at visible frequencies. 
Alternate low-loss dielectric materials patterned to form high-resolution nanostructures 
have the potential to overcome the losses necessary for a mutitude of applications. 
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1.1.1 Thesis Structure 
This thesis is primarily dedicated to use conventional micro- and nano-fabrication 
techniques to realise periodically patterned sub-wavelength structures (metamaterials). The 
mechanical deformation of the metamaterials will be used to demonstrate tuning of 
resonance frequency, sensing of mechanical deformation, and manipulation of 
electromagnetic response. The major sections of this thesis are as follows. 
In Chapter 2, the mechanical and electrical characteristics of some of the flexible 
substrates used to realise metamaterials are summarized. This is followed by an overview 
of different processing techniques to fabricate planar and three-dimensional (3D) 
metamaterials on flexible substrates. Finally, various tuning mechanisms ranging from 
substrate deformation to addition of external non-linear components that can be actuated 
by thermal stimulus, light or change in density will be presented. 
In Chapter 3, conventional microfabrication processes will be explored to realise 
patterned conductors on elastomeric PDMS substrate. In this chapter, a novel bias-free 
switching operation of coplanar waveguide will be demonstrated by integrating a 
pneumatic valve. Both coplanar waveguide and pneumatic valves will be realised on 
PDMS using conventional microfabrication techniques. The coplanar waveguides will be 
experimentally verified to demonstrate that electromagnetic devices realised on PDMS 
substrate have relatively low losses when operating at microwave frequencies. Finally, a 
pneumatic switch will be integrated with the coplanar waveguide to experimentally 
demonstrate a bias-free switching operation. 
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In Chapter 4, the microfabrication process will be extended to realise planar single- 
and multi-layer sub-wavelength resonator structures on elastomeric PDMS substrate to 
realise terahertz metamaterials. Fishnet and I-shaped resonator designs are explored to 
harness interesting metamaterial properties such as negative refractive index and tuning by 
mechanical deformation technique, respectively. Further, a four-fold symmetry Jerusalem 
crossbar structure will be investigated to demonstrate polarisation independent tuning or 
strain sensing operation. 
In Chapter 5, resonant devices operating at terahertz frequencies will be realised on 
low-loss substrates to support surface plasmons. Coaxial micro-cavities and 
complementary split-ring resonator designs will be explored to support localised surface 
plasmon resonances (LSPRs) and spoof plasmon polaritons (SPPs), respectively, with low 
losses. Such low loss devices can be realised by ensuring minimal losses in the 
surroundings and low intrinsic losses of the substrate. 
In Chapter 6, electron-beam lithography (EBL) will be explored to realise a novel 
dielectric reflect-array nanoantenna with low losses when operating at visible (optical) 
frequencies. The all-dielectric resonator nanoantenna to be demonstrated will modify the 
direction of the reflected radiation and finds potential applications for integrated optical 
communication devices. 
Finally, in Chapter 7, concluding remarks and possibilities for future work are 
recommended. 
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1.2 Publications 
The work conducted during the course of this Ph.D. has resulted in nine journal 
papers in prestigious journals such as Journal of Microelectromechanical systems, Applied 
Physics Letters, Optics Express, Optics Letters, Advanced Optical Materials and Nature 
Publishing Group (NPG) Asia Materials. The list of the scientific papers is presented 
below, and those relevant to this thesis are marked with an asterisk. 
1.2.1 Journal Publications 
1. * C. M. Shah, S. Sriram, M. Bhaskaran, M. Nasabi, T. G. Nguyen, W. Rowe, and A. 
Mitchell, “Elastomer-based pneumatic switch for flexible radio frequency micro-
devices” IEEE/ASME Journal of Microelectromechanical Systems 21 1410 (2012) 
 
2. * I. E. Khodasevych, C. M. Shah, S. Sriram, M. Bhaskaran, B. S. Y. Ung, H. Lin, W. 
Withayachumnankul, W. S. T. Rowe, D. Abbott, and A. Mitchell, “Elastomeric 
silicone substrates for THz frequency selective surfaces and metamaterials” Applied 
Physics Letters 100 061101 (2012) 
 
3. * J. Li, C. M. Shah, W. Withayachumnankul, B. S.-Y. Ung, A. Mitchell, S. Sriram, 
M. Bhaskaran, S. Chang, and D. Abbott, “Mechanically tunable terahertz 
metamaterials” Applied Physics Letters 102 121101 (2013) 
 
4. * J. Li, C. M. Shah, W. Withayachumnankul, B. S.-Y. Ung, A. Mitchell, S. Sriram, 
M. Bhaskaran, S. Chang, and D. Abbott, “Flexible terahertz metamaterials for dual-
axis strain sensing” Optics Letters 38 12 (2013) 
 
5. * W. Withayachumnankul, C. M. Shah, C. Fumeaux, K. Kaltenecker, M. Walther, B. 
M. Fischer, D. Abbott, M. Bhaskaran, and S. Sriram, “Terahertz localized surface 
plasmon resonances in coaxial microcavities” Advanced Optical Materials 1 6 
(2013) 
 
6. * L. Zou, W. Withayachumnankul, C. M. Shah, A. Mitchell, M. Bhaskaran, S. Sriram, 
and C. Fumeaux, “Dielectric resonator nanoantennas at visible frequencies” Optics 
Express 211344 (2013) 
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7. P. Gutruf, C. M. Shah, S. Walia, H. Nili, A. S. Zoolfakar, C. Karnutsch, K. 
Kalantar-zadeh, S. Sriram, and M. Bhaskaran, “Transparent functional oxide 
stretchable electronics: Micro-tectonics enabled high strain electrodes” Nature 
Publishing Group Asia Materials 5 e62 (2013) 
 
8. W. Withayachumnankul, H. Lin, K. Serita, C. M. Shah, S. Sriram, M. Bhaskaran, 
M. Tonouchi, C. Fumeaux, and Derek Abbott, “Sub-diffraction thin-film sensing 
with planar terahertz metamaterials” Optics Express 20 3345 (2012) 
 
9. M. Combariza, C. M. Shah, S. Sriram, M. Bhaskaran, G. Kostovski, M. Nasabi, and 
A. Mitchell, “Microengineered structures for rapid automatic loading of fibre optical 
segments” Journal of Micromechanics and Microengineering 21 9 (2011) 
 
1.2.2 Peer-reviewed Conference Proceedings 
In addition to the journal papers, the author has had the opportunity to attend 
prestigious conferences such as the Materials Research Society Spring Meeting in San 
Francisco (2013), USA; Conference on Optoelectronic and Microelectronic Materials and 
Devices (COMMAD) in Canberra (2010) and Melbourne (2012), Australia; and the 
International Conference on Materials for Advanced Technologies (ICMAT) in Singapore 
(2011), to present the outcomes of his Ph.D. research. Additionally, it resulted in the 
following publication in the proceedings of the COMMAD, SPIE, and IRMMW-THz 
conferences: 
1. * C. M. Shah, S. Sriram, M. Bhaskaran, and A. Mitchell, “Large area metal-silicone 
flexible electronic structures,” Proceedings of the 2010 Conference on 
Optoelectronic and Microelectronic Materials and Devices 187 (2010) 
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2. * I. E. Khodasevych, C. M. Shah, W. S. T. Rowe, and A. Mitchell, “Flexible fishnet 
metamaterial on PDMS substrate for THz frequencies,” Proceedings of the 2010 
Conference on Optoelectronic and Microelectronic Materials and Devices 25 (2010) 
 
3. B. M. Durnin, C. M. Shah, S. Sriram, and M. Bhaskaran, “Strain-resistance 
relationship in gold conductors for elastomeric-based flexible devices” Proceedings 
of the SPIE 8204 820437 (2011) 
 
4. * J. Li, C. M. Shah, W. Withayachumnankul, B. Ung, S. Sriram, M. Bhaskaran, S. 
Chang, and D. Abbott, “Planar terahertz metamaterials for strain sensing” 
Proceedings of the 37
th
 International Conference on Infrared, Millimeter, and 
Terahertz Waves (IRMMW-THz) 1 (2012) 
 
5. * C. M. Shah, W. Withayachumnankul, S. M. Hanham, S. A. Maier, W. Rowe, M. 
Bhaskaran, S. Sriram, and A. Mitchell, “Design and analysis of a metasurface for 
supporting spoof plasmon polaritons” Proceedings of the 2012 Conference on 
Optoelectronic and Microelectronic Materials and Devices 159 (2012) 
 
1.2.3 Book Chapter 
In addition to the above journal and conference publications, the author has 
compiled an invited book chapter submitted to Wiley-Scrivener Publishers. The chapter 
highlights the extraction of properties of PDMS when operating at microwave and 
terahertz frequencies. 
1. * C. M. Shah, W. Withayachumnankul, M. Bhaskaran, and S. Sriram, “High 
frequency properties and applications of elastomeric silicones,” Concise 
Encyclopedia of High Performance Silicones, Wiley-Scrivener Publishers, 211, 
(2014) 
 
11 
 
1.3 Original Scientific Contributions 
This thesis has contributed a significant amount of information to realise 
electromagnetic devices operating at different frequencies using conventional fabrication 
techniques; in particular, for metamaterials on PDMS substrate at terahertz frequencies. A 
summary of the major contributions is listed below: 
 A fabrication process to realise high-resolution sub-wavelength resonators on 
elastomeric PDMS substrate. 
 Fabrication of multi-layer electromagnetic structures on PDMS with good alignment 
of top and bottom layer resonators. 
 Elastomeric PDMS substrate has been used to realise devices to demonstrate simple 
electrodes to more complex non-invasive strain sensing applications. 
 PDMS substrate to realise a mechanically tunable terahertz metamaterials with greater 
than 8% of resonance frequency tuning. 
 Microfabrication of plasmonic structures operating at terahertz frequencies for 
experimental realisation of localised plasmon generation and surface plasmon 
waveguiding. 
 EBL technique to realise high-resolution nanoscale dielectric resonator antenna 
operating at optical frequencies.  
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Chapter 2  
Literature Review 
Flexible substrates and compatible fabrication techniques are necessary to realise 
flexible metamaterials with engineered electromagnetic responses. Metamaterials are man-
made structures consisting of sub-wavelength resonators distributed periodically, both in 
two-dimensional (2D) and in three-dimensional (3D) configurations, to demonstrate new 
electromagnetic phenomena and engineered electromagnetic responses [9-11]. The 
electrical parameters of the substrate, such as loss tangent and dielectric constant, are 
frequency dependent and should have minimum influence on the operation of 
metamaterials. Hence, suitable substrates, flexible or rigid, with low-losses are being 
explored to realise metamaterials operating at terahertz, infrared and visible parts of the 
electromagnetic spectrum. Apart from its electrical parameters, mechanical parameters 
such as Young’s modulus, thermal expansion coefficient and glass transition temperature 
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of substrates are other critical parameters to consider, as they enable excellent integration 
and tuning capabilities. 
This chapter will review some of the terahertz and optical metamaterials realised 
on various plastic, polymeric, and elastomeric substrates susceptible to flexing or 
stretching. The structures fabricated on flexible substrates are precursors to mechanically 
tunable metamaterials, with recent results from the literature presented. The influence of 
substrate dielectric constant and mechanical flexibliity on the electromagnetic response 
will be discussed. Some of the commonly used planar and 3D fabrication techniques, and 
their challenges when operating at higher frequencies, to realise metamaterials on flexible 
and elastomeric substrates will also be discussed. A brief comparison of tunable 
metamaterials by mechanical deformation technique will be reviewed. Based on this 
review, substrate characteristics suitable to realise flexible electromagnetic devices are 
summarized for future directions and emerging areas of interests are identified. 
2.1 Flexible Substrates for Metamaterials 
Flexible substrates play a very important role in demonstrating some of the 
interesting aspects like tuning by mechanical deformation, cloaking of a non-planar object, 
and sensing mechanical strain and temperature variations by measuring the shift in the 
resonance frequency of the metamaterial. An ideal substrate for metamaterials should have 
low losses at the operating frequencies and excellent mechanical properties for tunability 
and integration. Metamaterials have been used to demonstrate the phenomena of cloaking 
at microwave frequencies, but this cloak was demonstrated on a rigid substrate [6] and at 
microwave frequencies. It is envisaged that cloaks operating at visible spectrum would be 
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made from flexible and elastomeric substrates, which can be uniformly conformed onto a 
non-planar object to be hidden.  
A large group of researchers have been working on using flexible substrates to 
demonstrate novel metamaterials [12-31]. Apart from being flexible, some of the 
substrates like PDMS and polyimide are stretchable which makes them an excellent choice 
for making tunable metamaterials. The resonators fabricated on such elastic substrates 
exhibit high sensitivity to the structural parameters, such as change in the resonator 
dimensions. These elastic substrates are of special interest mainly because of their natural 
ability to achieve large frequency tunability through mechanical deformation, thereby 
eliminating the need to integrate an external actuator or bias-voltage to achieve the desired 
tuning [5, 32, 33]. Such mechanical tuning of metamaterials have been used to 
demonstrate some interesting applications like wireless strain sensing [18, 34], biological 
sensing [28, 31], absorbers [25, 29, 35], plasmonics [26, 32], and tunable photonic crystals 
[31, 33]. 
The most commonly used substrates to realise metamaterials are polyimide and 
PDMS, which are also commonly used substrates for flexible and stretchable electronics. 
Some of the other flexible substrates explored to realise metamaterial devices include 
metaflex, polyethylene naphthalene (PEN), polyethylene terapthalate (PET), 
polymethyl methacrylate (PMMA) and polystyrene. Recent articles have focused on 
different forms of electromechanical tuning of metamaterials [13, 16, 17, 19], one of them 
being tuning by substrate deformation. Flexible polymer substrates with excellent 
electrical and mechanical properties, with adaptable fabrication techniques, will enable 
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future metamaterials with reduced design complexity essential for tuning by substrate 
deformation. 
2.2 Characteristics of Flexible Polymers for Metamaterials 
Depending on the application and operating frequency, a suitable thin flexible 
substrate (for example, polyimide, PMMA, PDMS) can be chosen. However, the intrinsic 
properties of the substrate such as dielectric constant, loss tangent, refractive index and 
Young’s modulus play a critical role in the operation of metamaterials. In this section, 
electrical and mechanical properties of flexible substrates that are suitable to realise 
metamaterials are discussed. 
2.2.1 Dielectric Permittivity and Refractive Index 
Although metamaterials inherit their dielectric permittivity and refractive index 
from the design of sub-wavelength resonators, it is important to carefully select an 
appropriate substrate, which exhibits: (i) low permittivity, to minimise the capacitive effect 
in metamaterials and enhance the Q-factor, and (ii) low loss (absorption coefficient) to 
maximise transmission through the substrate. The refractive index should be low to 
minimize any reflection loss and geometric aberrations arising from the substrate. The 
refractive index ( ) and the dielectric constant ( ) are interrelated by     . Some of the 
important electrical properties of commonly used polymer substrates to realise 
metamaterials are listed in Table 2.1. 
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2.2.2 Processability and Mechanical Properties 
Polymers offer opportunities for versatile, large-area and low-cost fabrication of 
flexible metamaterials. A wide range of polymers with varying mechanical and electrical 
properties have been investigated to realise flexible metamaterial devices operating from 
microwave to optical frequencies.These flexible polymers can be easily processed using 
standard spin-coating, curing and well-established microfabrication techniques to realise 
the substrate necessary for metamaterials. Several fabrication techniques such as 
lithography patterning (contact, soft, imprint and shadow mask), laser writing, molding, 
casting, transfer and by UV-patternable polymers have been explored to realise 
metamaterials on polymers, which will be discussed later in this chapter. 
Some of the key features of polymers that would add a dimension of flexibility to 
processing are: (i) Controlling the thickness of the polymer substrate, down to few 
microns, by spin-coating and spraying processes. (ii) The elasticity of polymers can be 
regulated by simple dilution methods. (iii) Doping polymers with micro/nano particles like 
ceramic powder and carbon nanotubes. (iv) Compatibility with microfabrication 
techniques. (v) Resistance to corrosive chemicals and organic solvents.  
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Table 2.1 Electrical and mechanical properties of polymer substrates. 
Material 
Dielectric 
permittivity (ε) 
(0.2 THz to 2.5 
THz) 
tan δ ρ (Ω.cm) 
α (cm-1) (at 1 
THz) 
Young’s 
Modulus 
Curing 
temperature 
Glass 
transition 
temperature 
Tg (°C) 
Planarization 
References 
PDMS 2.35 0.020 to 0.040 2.9 × 10
14
 13 10 
27 °C for 24 hours 
or 70 °C for 1 hour 
−125 Moderate [36] 
Polyimide 3.24 0.031 1.7 × 10
17
 12 3,287 
180 °C for 30 mins 
 
350 Good 
[16, 35] 
BCB 2.65 0.001 to 0.009 NA 3 
2,940 
250 °C for 60 mins 
 
>350 Excellent 
[37, 38] 
PEN 2.56 0.003 NA 1 5200 NA 122 Excellent 
[39] 
PET 2.86 0.053 to 0.072 NA 25 4000 NA 78 Excellent 
[39] 
PMMA 2.22 0.042 to 0.070 5.5 × 10
4
 22 3100 180 °C for 2 mins 105 Excellent 
[39] 
1
7
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The mechanical properties of substrate such as flexibility and elasticity, given by 
its Young’s modulus, are critical to consider for applications where mechanical 
deformation is used to tune the metamaterials. Substrates with low Young’s modulus can 
undergo large mechanical deformation that will allow large resonance frequency tuning. 
The fabrication processes impose certain limitations over the choice of flexible substrates, 
as some fabrication processes require higher operating temperatures for deposition and 
annealing, and excellent planar surfaces to perform lithography. Table 2.1 lists the 
mechanical properties of some of the polymer substrates used to realise metamaterials. 
2.3 Conventional Polymers 
In this section, some of the commonly used flexible substrates to realise 
metamaterials will be discussed. Depending on the application, a flexible substrate with 
low absorption-loss (α) (see Table 2.1) and excellent mechanical properties can be chosen. 
2.3.1 Polyimide 
Polyimide (often referred to as Kapton, its commercial variant) is an extremely 
flexible substrate used to realise electronic devices, such as flexible solar cells [40], 
interconnects [41], and terahertz metamaterials [14]. Polyimide substrates have good 
mechanical and chemical properties suitable for microfabrication processes, better 
adhesion to metals and therefore a good strain delocalization making them suitable for 
terahertz metamaterials [40]. Normal operating temperatures of polyimide range from 
−269 °C to 400 °C [42], which makes it a suitable substrate for direct deposition of metals 
using physical deposition techniques like sputtering, electron-beam evaporation, and 
pulsed-laser deposition techniques. Its low thermal coefficient of expansion makes it 
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compatible to metals or oxides of any kind, even at high temperatures. Also, good 
adhesion of photoresist on polyimide allows direct patterning of high-resolution patterns 
using conventional microfabrication techniques, required to realise terahertz metamaterials 
[43]. Furthermore, polyimide is resistant to corrosive acids used in etching thin-film metals 
in microfabrication processes. Polyimide is available both as pre-polymer to be deposited 
by spin coating and commercially fabricated films that can be utilised as ready-to-use 
substrates. 
Some of the disadvantages of polyimide substrate are its low elastic regime, limited 
by ~4% strain, which limits the tunability of terahertz metamaterial that can be achieved 
by mechanical deformation technique, and adhesion of spin-coated films, as they are very 
hard to release from a rigid substrate. And, polyimide needs a fairly high temperature, of 
about 400 °C to crosslink the precursor polymer which may cause complications with 
some materials [44]. 
Polyimide substrates have been utilised to realise extremely flexible and perfectly 
free-standing metamaterials operating at terahertz frequencies to demonstrate applications 
such as unnaturally high refractive index [23] and dual-band near-perfect absorbers [25].
 
2.3.2 Polydimethylsiloxane  
Polydimethylsiloxane (PDMS) is an elastomeric polymer with unique attributes 
like biocompatibility, excellent flexibility and elasticity properties. These unique 
properties of the substrate and low absorption losses allows realisation of terahertz and 
optical metamaterial structures used for cloaking and sensing applications. Normal 
operating temperatures of PDMS range from -50 °C to 200 °C [45]. PDMS being a soft 
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elastomeric polymer, with low Young’s modulus (see Table 2.1), can be easily integrated 
with non-planar structures with good conformability, essential to demonstrate applications 
like cloaking and tuning. PDMS substrate is compatible with the conventional 
microfabrication techniques and advanced micro/nano fabrication techniques such as soft 
lithography and imprint lithography used to realise 3D structures (see Table 2.2). The 
aforementioned attributes also make PDMS a suitable substrate for flexible and tunable 
metamaterials . The highly elastic regime of PDMS (up to ~120% stretchability) [45], 
makes it a viable substrate for tunability of metamaterials via mechanical. Furthermore, 
freestanding films of PDMS and its transparency to a broad range of the electromagnetic 
spectrum make it a viable substrate for broader bandwidth metamaterial applications. The 
low surface energy of PDMS has been exploited to transfer transparent oxides like ITO to 
demonstrate good adhesion and no failure in functionality when it is brought back to 
relaxed state after severe deformation [46], thereby increasing the freedom in material 
choice from conventional metals to dielectrics. The capability of imprinting offers many 
possibilities, such as multilayer and 3D metamaterials, which could be used to shape 
complex resonators.  
Some of the disadvantages of PDMS are: (i) Highly temperature sensitive [45], 
small variations in temperature can cause changes to the geometry of metamaterials. 
(ii) High thermal coefficient of PDMS causes buckling after post-curing and metal 
deposition processes. The high thermal coefficient of PDMS also limits the processing 
temperatures. (iii) The hydrophobic surface chemistry of PDMS causes striations when 
applying photoresists, and requires additional treatments (surface activation by plasma) to 
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carry-out microfabrication processes [47]. (iv) The weak adhesion of metal layers causes 
disintegration when strained beyond 15% due to limited strain delocalisation [47-49]. 
In summary, PDMS has low Young’s modulus, which will enable excellent tuning 
functionalities. It has low absorption-loss (α) at terahertz frequencies, excellent 
conformability and good adhesion. The buckling of PDMS and metal-films can be reduced 
and overcome by processing it at room temperatures. Also, the direction of buckled wave 
pattern of metal films can be controlled by ordering the relief structures on the surface of 
the PDMS [50]. 
 
2.3.3 Polyethylene terephthalate 
Polyethylene terephthalate (PET) is another flexible substrate widely explored to 
realise complex electronic systems, and in industries, as a substrate for RFID stickers, 
LCD display covers and capacitive touch sensor arrays [51-53]. PET films have similar 
attributes as polyimide, with wide operating temperature range (-70 to 200 °C), small 
elastic regime, low thermal expansion and has good adhesion for photoresists or metals 
[54]. They are transparent at visible wavelengths [55] and its electrical performance at 
terahertz regime has similar attributes as PDMS [56]. 
Some of the metamaterials realised on PET substrate have been used to 
demonstrate flexible plasmonic structures operating at near-infrared frequencies [57], and 
to enhance the sensitivity to the incident angle of radiation by mechanical deformation to 
various shapes [57]. 
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Table 2.2 Feasibility of fabrication on polymer substrates. 
Material Achievable 
resolution 
Repeatable 
Elastic 
regime Patternability 
Free-
standing Adhesion of metals 
Operation 
temperature 
(°C) 
Direct 
deposition References 
PDMS 
Medium 
(elaborate 
methods) 
120% 
Hard: imprint, RIE; 
photopatternable 
Easy Average -45 to 200 Hard [45] 
Commercial 
polyimide 
substrate 
(Kapton) 
Good 
(direct 
patterning) 
4% 
Easy: 
Photopatternable 
Moderate Very good -269 to 400 Easy [42] 
 
Spin-on 
polyimide 
Good 
(direct 
patterning) 
4% 
Easy: 
Photopatternable 
Hard Very good -269 to 400 Easy [58] 
2
2
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2.4 Processing 
The fabrication techniques for metamaterials have reached new levels of 
sophistication, which have the capability to realise metamaterials across micrometre and 
nanometre scales and also on unconventional substrates. Innovative synthesis techniques 
have emerged to meet the demands of flexible, elastic, non-planar substrate metamaterials 
and photonic systems [21, 26, 28, 59-61]. The new synthesis techniques to realise 
structures on elastomeric substrates have enabled development of novel and enhanced 
electromagnetic devices triggering new scientific and technological developments in the 
field of sensing. The techniques employed to realise flexible metamaterials are derived 
from well-established micro- and nano-fabrication processes. A typical example of 
nanofabrication processing schematic to realise metamaterials operating at optical 
frequencies is shown in Figure 2.1. The single layer planar fabrication processing step has 
been repeated several times with the help of alignment markers to realise a multilayered 
structure [62]. 
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Figure 2.1 Sophisticated nanofabrication synthesis technique to realise multilayer optical 
metamaterials. (a) Three (or more) alignment markers are realised on quartz substrate. (b) Electron-
beam evaporation of gold film followed by electron-beam lithography to define split-ring 
resonators (SRRs) pattern on a negative resist (AR-N, ALLRESIST Gmbh, Germany). (c) 
Anisotropic etching to realise the SRRs. (d) 70 nm thick spacer (PC403) to planarize the surface 
followed by repeat of step(a). (e) Alignment of the top and bottom markers followed by repeat of 
step(b). (f) Anisotropic etch to realise the second layer SRRs. (g) Multilayer SRRs structure 
realised after repeating the above steps several times[62]. 
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Flexible structures are often made starting with a rigid substrate, during the 
processing of single or multiple layer flexible structures, rigid carrier substrates provide 
mechanical support to carry out the fabrication processes. To allow enhanced functionality 
and control over fabrication parameters, increasingly flexible substrates are prepared by 
casting polymer onto a silicon substrate using techniques such as spin coating, lamination, 
extrusion or doctor-blading. During the casting of polymers it is important to obtain a 
smooth film free from any oxygen trapping, striations and edge beads as this may interfere 
with the microfabrication process. In addition, good adhesion of the polymer onto the 
substrate would make it difficult to peel it off from the substrate to realise a freestanding 
flexible metamaterial structure, hence care should be taken with the choice of polymer and 
substrate. The aforementioned polymer-casting techniques have their own advantages and 
disadvantages. For example, the spin coating method allows control over the thickness of 
the polymer by adjusting the spin speed; however, the edge bead and striations can be 
difficult to control. 
The transfer/patterning of the resonator patterns onto the flexible substrates have 
been demonstrated using several well-established techniques, like microfabrication, 
shadow mask lithography [26], electron-beam lithography [62], laser micro-lens array 
lithography [22], electroplating fabrication [63], and direct laser writing [64]. This section 
reviews the prevalent processing techniques used in realising flexible metamaterials. 
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2.4.1 Microfabrication 
Microfabrication is a conventional fabrication technique that has been employed to 
fabricate metamaterials operating at terahertz frequencies, as shown in Figure 2.2. At 
terahertz frequencies, the dimensions of the sub-wavelength resonators required to realise 
metamaterials lie within the microfabrication capabilities, hence posing minimal technical 
challenges. The realisation of the flexible metamaterials is generally carried out using 
planar fabrication techniques, which are predominantly classified into lift-off and etching 
processes. These two processes have been extensively used to realise single layer and 
multi-layer (3D) metamaterials [12, 21, 27, 62-72]. Etching processes involve corrosive 
etchants (hydrochloric and nitric acid in the case of gold thin films) to etch the metal layer 
used to define the conductive elements. In lift-off technique, photopatternable resists that 
can be developed using organic solvents are used to realise patterned metal layers. The 
etching technique is employed when the substrate is hydrophobic in nature, which 
precludes standard photolithography, as it is difficult to spin coat uniform photoresist 
directly onto the polymer substrate. 
Bio-compatible substrates such as PDMS and silk do not allow uniform spin 
coating of photoresist films [47]. Hence, alternate methods have been employed to modify 
the surface properties of PDMS. The surface modification can be achieved by using strong 
plasma treatment to make the surface of PDMS hydrophilic [47]. However, the surface 
treatment is effective only for a short period of time and striations can still occur when 
spin coating the photoresist film [73]. Hence, alternate micromachining methods to realise 
metamaterial resonator patterns have been explored, such as soft lithography, shadow 
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mask lithography, pattern and transfer techniques [13, 27, 59, 68, 74, 75]. Figure 2.2(a-b) 
shows a split-ring resonator structure realised on silk using shadow mask lithography 
technique. In this case, combination of bulk and surface micromachining techniques has 
been employed to fabricate a stencil. The stencil is then placed in contact with silk to 
realise the resonator structures on its surface [76]. Figure 2.2(c-d) shows an I-shaped 
resonator structure realised on polyimide using standard microfabrication process.  
 
Figure 2.2 Microscale structures fabricated using conventional microfabrication techniques. (a-b) 
A large area split-ring resonaotor (SRR) structure fabricated on bio-compatible silk substrate [76]. 
(c-d) Microscale I-shaped patterns fabricated on spin-coated polyimide substrate [23]. 
 
The microfabrication techniques are limited by their micron scale features and are 
suitable only with polymers that can withstand organic and corrosive solvents. Alternate 
methods of non-destructive patterning of micron scale features have been explored to 
fabricate metamaterials on unconventional substrates. The alternate microfabrication 
methods have the ability to overcome some of the limitations of standard microfabrication 
techniques like chemical effects and thermal stress on substrates. 
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2.4.2 Stencil or Shadow Mask Lithography  
Shadow mask lithography is a non-destructive fabrication technique employed to 
create planar and multiple layer micro and nano scale features [76, 77], [59]. In this 
technique, the micro- and nano-patterns are transferred through a stencil directly onto the 
target substrate during the deposition of thin metal films or oxides, and it does not require 
any further photolithography and etching processes. Shadow mask lithography process 
practically requires one step to transfer micro/nano features complementary to the 
apertures of stencil. 
In shadow mask lithography, a stencil (Fig. 2.3(a)) is brought in contact/close 
vicinity of the substrate during the deposition of subsequent layers of materials using 
electron-beam evaporation or sputtering techniques. The stencil is usually made of silicon 
wafer or aluminium foil deep etched through the substrate [74]. Using the shadow mask 
lithography features as small as 100 nm wide can be patterned on arbitrary substrates such 
as polymers and plastics that are mechanically fragile and/or chemically sensitive [26]. 
This approach enables large area nanopatterning (Fig. 2.3(b)), with high throughput. The 
stencils are reusable and demonstrate repeatable results with replication of patterns [59]. 
Figure 2.3 shows an illustration of shadow mask lithography technique. In this illustration 
a bow-tie design has been realised to demonstrate functional plasmonic device. Using this 
technique patterns can be transferred onto both rigid and flexible substrates. 
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Figure 2.3 Illustration of shadow mask lithography technique. (a) Stencil used to transfer 
nanoscale bow-tie antenna. (b) Contact distance during the deposition of metal layer. (c) AFM 
profiling of nanoscale structure. (d-f) Advantages of using flexible substrate [26]. 
 
2.4.3 Soft Lithography 
Soft lithography is an alternate fabrication technique, which allows multi-scale 
patterning of micro and nanoscale patterns on polymers by simple contact method or 
replica molding [13, 78, 79]. The soft lithography is inexpensive and can overcome some 
of the disadvantages of photolithography, such as patterning structures below diffraction 
limit, need for high-energy radiation, material limitations and expensive cleanroom 
facilities. The soft lithography process requires an elastomeric PDMS stamp, as shown in 
Figure 2.4(a) on which the structures to be transferred is ‘inked’ and brought in contact 
with the substrate to be transferred. The stamp is prepared using standard microfluidic 
device fabrication techniques and can be repeatedly used for pattering of the structures 
over large areas. Soft lithography technique can produce structures with feature size 
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ranging from 30 nm to 500 µm (as shown in Fig. 2.4(b-e)), large patterned areas, and 3D 
structures compatible with non-planar substrates. Some of the disadvantages of soft 
lithography are its inability to attain high aspect ratio structures, reproducibility and higher 
defects compared to conventional microfabrication technique. 
 
 
Figure 2.4 (a) Schematic of interference lithography (combination of soft lithography and 
photolithography) to fabricate nanoscale plasmonic metamaterials. (b-c) SEM images of structures 
realised using soft lithography technique. (d-e) SEM images of structures after carrying out 
interference lithography. 
 
2.4.4 Electron-beam Lithography 
Electron-beam lithography (EBL), as the name suggests, uses an electron-beam 
source to perform the lithography to obtain nanoscale patterns. Analogous to conventional 
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photolithography, where a photoresist layer is exposed to UV light, in EBL an electron-
beam resist is exposed to high-energy electrons. The exposure of PMMA to electron-beam 
causes scission and when developed using a standard developer the exposed region is 
dissolved completely. Following EBL, and utilizing the lift-off processing scheme, 
deposition of metal and/or oxide layers is carried out with PMMA then dissolved to obtain 
the nanoscale patterns. The advantages of EBL are its ability to obtain nanoscale features 
below the diffraction limit of the standard photolithography process and it does not require 
a physical mask to transfer the patterns. For metamaterials, EBL technique is used to 
fabricate sub-wavelength resolution resonators operating at optical wavelengths [5, 62]. 
Figure 2.5(a) shows a multi-layered resonator structure realised on the photoconductive 
polymer (PC403) substrate using electron-beam lithography technique. The transmission 
response with respect to the number of layers has been shown in Figure 2.5(b). Broader 
frequency response of optical metamaterials has been demonstrated by increasing the 
number of layers. Often due to the limitations of the electron-beam write systems (such as 
high-resolution scanning electron microscope) to operate at low vacuum modes when 
working with polymers (degassing), except for PC403 [62], it is not possible to perform 
EBL directly onto a polymer. Hence, alternate methods to pattern resonators on a 
conventional silicon substrate and subsequently transfer them on to a flexible substrate 
have been demonstrated [21, 80]. 
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Figure 2.5 (a) EBL patterned photonic metamaterial. (b) Broadband response of the photonic 
metamaterial with increase in the number of layers [62]. 
 
While EBL is a powerful technique to achieve nanometer and sub-micron features 
and devices, three major limitations need to be overcome in realising large area, high 
performance metamaterials. These limitations are: long writing times due to the serial 
nature of the technique, stitching errors, and stability of electron-beam. Firstly, in relation 
to the long writing times, unlike photolithography that can pattern an entire wafer within 
few seconds, EBL patterning is carried out serially, one element at a time. This leads to a 
longer write periods for a small area patterning, hence reduced throughput. For example, a 
write area of 3 mm × 3 mm would take up to 24 hours, this is a very small area patterned 
over a long time. With EBL, this is inevitable and the serial patterning process further 
gives rise to new issues such as stability of the write patterns and stitching errors due to 
beam drifting. Beam drifting is commonly observed when the stage holding the sample to 
be imaged, using scanning electron microscope (SEM), is moved by a narrow region, 
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making it essential to adjust the fine focus to obtain a distortion free image. For large area 
EBL patterns with few or many stage moves, the resolution of the obtained structure would 
not be free from defects. The corners would get rounded and circles become elliptical. 
Secondly, stitching errors refer to the inability to repeat the patterns over a large area 
without any misalignment. Stitching or alignment error occurs in EBL when the write area 
is sufficiently large and involves stage moves to write the patterns. For FEI Nova SEM the 
maximum write area without requiring any stage movement is 140 µm
2
, and to write larger 
area patterns it becomes necessary to move the stage. The patterning of nanoscale 
resolution features has very low tolerance to mechanical movement of the stage and can 
lead to misalignment when patterning over large areas. Such stitching errors are inevitable, 
but to minimize them it is important to have better control over stage movements and to 
maintain a focussed beam at all times. Finally, the stability of the electron beam blanking 
accuracy and astigmatism leading to geometry and shape errors. The beam blanker is an 
external voltage source used to switch the electron beam ‘ON’ and ‘OFF’ when patterning 
the nanoscale patterns. During the large write times, any fluctuations in the current can 
give rise to inconsistent exposure, and therefore, variable developing times for PMMA. 
Beam drifting and changes to alignment can introduce astigmatism, where circular features 
turn elliptical, which needs careful management during the exposure process.  
The influence of number of layers on the electromagnetic response of 3D flexible 
electric metamaterials was studied by Azad et al. and Miyamaru et al. [19, 65]. It was 
experimentally demonstrated that the dielectric response of 3D metamaterial is 
independent of the number of layers stacked to form the structure. However, often there is 
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a shift in the resonant frequency and reduction in the transmission. Further, it was 
proposed and experimentally demonstrated that with reduced substrate thickness and 
spacing between the resonators, negative refractive index material can be realised [65]. 
2.4.5 3D Fabrication Techniques 
 An increasing demand for applications like imaging below the diffraction limit, 
cloaking, quantum levitation and sensors has driven interest in fabricating 3D terahertz and 
photonic metamaterials [61, 62, 65, 67, 71, 72]. Planar fabrication techniques have been 
employed largely to realise multilayered 3D metamaterials because of its simplicity [14, 
16, 17, 21, 27, 62]. However, such multilayered metamaterials often suffer from 
anisotropic responses. Advanced applications such as cloaks require true isotropic 
metamaterials that will provide a spatial control on the permittivity and permeability over a 
defined volume. Metamaterials with isotropic negative ϵ and µ cannot be achieved via 
planar fabrication processes at higher operating frequencies such as infrared and visible 
frequencies. Breakthrough advances in fabrication techniques are required to achieve sub-
wavelength dimension metamaterials with isotropic responses. 
Advanced fabrication techniques like imprint lithography (Figure 2.6) [21, 27], 
microstereo-lithography [81], vertical pillar superlattice [82], multi-photon polymerization 
[67], multilayer electroplating (Figure 2.7) [67], and interference lithography[83], have 
been explored to realise 3D metamaterial structures. However, such advanced 3D 
fabrication techniques are limited by their complexity and suitability to fabricate on 
flexible substrates. 
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Figure 2.6 (a) Schematic of nanoimprint lithography technique. (b) SEM images of nanoimprint 
lithography and transfer of structures onto PDMS substrate. 
 
 
Figure 2.7 (a) 3D stand-up magnetic metamaterials, SEM image of the structures on polyimide 
film. (b) Photograph of the free-standing metamaterial on flexible polyimide film [67]. 
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Rill et al. realised a 3D split-ring resonator (SRR) metamaterial, which was 
fabricated using a combination of laser writing and chemical vapour deposition techniques 
[61]. The chemical vapour deposition technique allows uniform coating of metal films 
around the structure, which cannot be achieved via conventional surface deposition 
techniques like electron-beam evaporation or sputtering. The films obtained by chemical 
vapour deposition method are granular in texture and exhibit a high surface roughness. The 
3D SRRs with varying unit cell parameters such as height and width were realised to 
experimentally demonstrate that different heights correspond to different resonance 
frequencies. Further, the 3D metamaterials were used to tune the Eigen frequency response 
of the SRR structure. 
Focussed ion beam milling (FIB) is another 3D fabrication technique used to 
realise nanometre size features with high aspect ratio. A fishnet resonator design realised 
using the FIB technique was the first 3D optical metamaterial with simultaneously 
negative ϵ and µ over a broad spectral range. The 3D fishnet structure was realised by 
multilayer deposition of metal and dielectric layers followed by FIB milling [72]. The as-
realised fishnet structure comprised of 21 alternating layers of silver and magnesium 
fluoride, which was etched using the FIB technique. Using a similar approach, Chanda et 
al. reported a fishnet structure fabricated using nano-imprint lithography and multilayer 
electron-beam evaporation techniques to realise a high throughput negative index 
metamaterial [21]. The realised fishnet structures were transferable onto an elastomeric 
PDMS substrate that was subsequently transferred to other rigid substrates using simple 
transfer and printing technique, as shown in Figure 2.6(b). The aforementioned 
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nanofabrication technique can be used to realise large-area 3D metamaterials operating at 
infrared and optical frequencies. In future, a combination of printing techniques with other 
large-area lithography techniques has the potential to realise sophisticated negative index 
metamaterials, which are currently unavailable due to the limitations of small region 
patterning, low aspect ratio structures, and lower repeatability. 
3D Direct laser writing (DLW) fabrication technique can be used to realise 
complex geometry metamaterial structures. In the DLW technique, a tightly focussed laser 
beam is incident onto a diffraction-limited spot within the volume of the photoresist to 
realise sub-micrometer scale features in three dimensions, which can be patterned to 
arbitrary and complex shaped networks that cannot be easily realised using conventional 
lithography techniques. Buckmann et al. recently demonstrated a modified “dip-in” DLW 
technique to obtain millimetre height mechanical metamaterial structures [64]. The height 
that can be obtained using the standard DLW is usually limited to tens of micrometers. 
This limitation was overcome by the “dip-in” 3D DLW technique. Figure 2.8 shows SEM 
image of mechanical metamaterials designed to obtain four-fold and six-fold symmetry 
structures. Using the DLW technique, more complex shaped arbitrary structures can also 
be realised. Such mechanical metamaterials are lighter and comprise of smaller unit-cell 
structures. Using this technique, opto-mechanical and magneto-mechanical metamaterials 
can become a reality. 
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Figure 2.8 SEM images of 3D mechanical metamaterials fabricated on glass substrate. 
 
Membrane projection lithography (MPL) is another advanced fabrication technique 
that has the capability to realise micrometer-scale 3D metamaterials. Using this fabrication 
technique SRRs have been patterned directly on the face of a SU8 substrate arranged to 
form a cube [66]. With such control over patterning and deposition of thin films, MPL has 
the potential to realise future 3D infrared and optical metamaterial structures, with 
complex patterns that can be directly patterned onto the walls of cubes and other 
geometries. The SRR design realised using MPL allows coupling of magnetic field when 
an electromagnetic wave is incident. Furthermore, a combination of transformation optics 
with the 3D metamaterials will likely have the ability to spatially vary the permittivity and 
permeability over wide ranges of frequency. 
Each fabrication method is limited in terms of its versatility. Some are complex and 
require multiple fabrication steps or are limited by the materials used for patterning and 
substrate choice. For example, in a multiple transfer process, the resolution degrades due 
to the number of steps involved, whereas direct writing techniques can achieve higher 
resolution but with a lower throughput and work well with certain substrates only. In 
39 
 
addition, transfer techniques are surface chemistry dependent and would work specific to 
particular substrates and thin films. Complex fabrication techniques involving a fusion of 
soft lithography and photolithography have demonstrated direct transfer of patterns onto 
highly curved substrates, but getting higher resolution patterns below 0.1 µm is 
challenging [84]. 
2.5 Tuning 
Since the first demonstration of metamaterials, significant research has been carried 
out to demonstrate metamaterials with simultaneous negative permittivity and 
permeability, which can be achieved by making the structures tunable such that the 
electromagnetic responses overlap at the same frequency. In addition, the operation of 
metamaterials suffers from narrow-band frequency response that can be overcome by 
tuning. 
2.5.1 Substrate Deformation 
Substrate deformation and flexibility are the most commonly used techniques to 
tune the resonance frequency of metamaterials [5, 32, 35, 85-88]. In the substrate 
deformation technique, application of a stretching force to the substrate alters the intra- 
and inter-cell capacitance and consequently changes the resonance frequency of the 
resonator. 
Some of the examples of mechanical tuning include (i) Application of uniaxial 
mechanical stress to a flexible heptamer structure to demonstrate dynamic tuning of the 
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fano resonances [32]. (ii) Stress induced cantilevers to demonstrate tunability in 3D 
configuration [89]. (iii) An array of double split ring resonators fabricated as a MEMS 
cantilever structure tuned electrically by an external bias voltage to demonstrate tunable 
terahertz filter [89].  
The mechanical tuning of plasmonic nanostructures offers a new pathway towards 
the development of tunable nanophotonic devices such as tunable filters and sensors. 
Mechanical tuning is particularly effective for plasmonic nanostructures exhibiting 
coupled plasmon resonances since it is highly sensitive to any changes in the structural 
parameters. Mechanical tuning also allows control over the symmetry of a nanostructure, 
upon which optical properties are critically dependent [32]. 
 
 
Figure 2.9 Mechanical deformation of metamaterials by stretching elastomeric substrate. (a) 
Mechanical tuning of optical metamaterials [5]. (b) Tunable plasmonic device [26]. (c) Flexible 
substrate tunable terahertz metamaterials in relaxed and stretched state [85].  
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The mechanical deformation of elastomeric substrate has been widely used to 
controllably modify the distance between the resonant elements [5, 26, 85]. Figure 2.9 
shows some of the metamaterials fabricated on PDMS substrate, which have been used to 
demonstrate mechanical tuning at terahertz and optical frequencies. Figure 2.9(a) shows a 
SRR metamaterial designed to operate at optical frequencies, which is tuned by applying 
high-strain mechanical deformation on elastomeric PDMS substrate [5]. The resonators 
were controllably modified by straining the PDMS substrate by mechanical deformation to 
demonstrate tunability with greater than resonant line-width when operating at optical 
frequencies. Experimental verification of the SRR structures demonstrated that when the 
samples were strained up to 50% using mechanical deformation, the resonance frequency 
shifts by 4%. Further, this tuning mechanism was implemented to demonstrate dynamic 
surface-enhanced infrared absorption, where the reflection signal was enhanced by a factor 
of 180. Figure 2.9(b) shows a schematic of bow-tie antenna design whose resonance 
frequency varies with the gap distance. Aksu et al. experimentally demonstrated that when 
the gap between the bow-tie antennas fabricated on PDMS is varied from 45 nm to 25 nm 
the resonance frequency red-shifts by ~5%. Such surface patterned metamaterials on 
PDMS substrate can be easily wrapped around non-planar surfaces, such as optical fibre, 
and would have the capability to enable novel functional photonic probes that can be used 
to monitor environmental changes in regions difficult to access. Figure 2.9(c) shows a 
wrinkled terahertz metamaterial realised on the surface of pre-stretched PDMS substrate 
with high structural robustness required for repeated cycles of tuning. The unit cells or 
meta-atoms realised on the wrinkled configuration has a highest strain ratio of 52.1%, 
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which allows broadband transmission response and tuning of the metamaterials. The 
honeycomb metamaterial design used in this work is symmetric in nature and, therefore, 
expected to have polarization independent responses. However, in its wrinkled state the 
response obtained were polarization sensitive and it was shown that the transmission 
response for a TE polarization to be 90% stronger than the TM polarization. Such 
polarization-dependent properties of wrinkled metamaterials find application in 
reconfigurable phase retarders. Although other form of manipulation of resonant 
components can also be employed, mechanical deformation offers more control over the 
overall design, symmetry and the behaviour of the system without altering its components 
[5]. 
The delamination of metal from its substrate poses a significant challenge in tuning 
metamaterials by substrate deformation. This can be overcome by a suitable choice of 
substrate with good adhesion properties (see Table 2.2) or by encapsulation techniques. 
Thin metal film resonators and gold strips arranged in an array to realise metamaterials 
were lithographically embedded into PDMS substrate [31, 75]. Another technique to 
overcome the delamination problem would be the use of liquid metal alloys instead of 
conventional thin metal films [90]. 
2.5.2 Other Tuning Techniques 
Tuning has been explored by a wide range of other techniques such as, 
reconfigurable metamaterials via lattice displacement [91], thermal annealing [35], and 
change in superfluid density [92]. Some of the other forms of tuning strategies include 
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incorporation of phase-change media, semiconductors, graphene, carbon nanotubes, 
nonlinear-components and liquid crystals with metamaterials. 
Figure 2.10(a) shows a schematic of reconfigurable metamaterials, where an 
adjustment to the lattice structure has been proposed for tuning the transmission 
characteristics of metamaterials [91]. Using this technique continuous tuning of resonance 
frequency of metamaterials has been experimentally demonstrated by periodic lateral 
displacement of layers. The lateral displacement of the metamaterial layers causes a shift 
in the alignment of resonators with respect to x and/or y directions leading to dramatic 
tuning of the resonance frequency as shown in Figure 2.10(b). This tuning technique can 
be further extended to a wide range of electromagnetic frequencies and alternate geometry 
of resonators that can validate the effective medium description. The tremendous 
efficiency of structural tuning mechanism finds applications in sensors, filters, switches 
and other applications, where sensitivity to the adjustment of changing conditions is 
required. Hence, a polymer substrate with good electrical and mechanical properties that 
can adapt to its surrounding conditions has the potential to realise metamaterials with 
excellent functionalities required for a broad range of operation and exotic metamaterial 
applications. 
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Figure 2.10 (a) Reconfigurable metamaterials by shifting the metasurface. (b) Transmission 
response of the reconfigurable metamaterial. 
 
Reconfigurable metamaterials that reorient in response to a thermal stimulus have 
been used to demonstrate tunable electromagnetic response [35]. A combination of surface 
and bulk micromachining techniques is required to realise such reconfigurable 
metamaterials. The SRR metamaterial design was supported by a cantilever beam that 
bends out of its plane in response to thermal annealing. However, the thermal annealing 
actuation process has a passive tuning effect, where the SRR once reoriented never returns 
to its initial state. Hence, active tuning mechanisms such as resistive, piezoelectric, and 
electrostatic actuation must be further explored to tune the metamaterial response. 
A new class of metamaterials that can mimic the behaviour of media that display 
electromagnetically-induced transparency (EIT) have been created in which the EIT 
response can be controlled through changes in the superfluid density and temperature [92]. 
Superconducting niobium thin film has been used to realise planar EIT metamaterial to 
show greater than 40% contrast between the dark and radiative resonators, where the dark 
a b 
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and radiative resonators were made of niobium and gold films respectively. This result is 
compared to the 10% contrast difference in EIT when using normal-metal. The operation 
of such EITs has been demonstrated at microwave frequencies,[92] and at terharhertz 
frequencies [93], by incorporation of superconducting films and semiconductors, 
respectively, and requires further investigation to incorporate such tuning mechanisms 
when operating at visible frequencies. 
Multilayered metamaterials have been realised to demonstrate reduced 
transmission minimum due to increased absorption. But, the extracted effective dielectric 
function of the metamaterial continues to remain independent of number of layers [65, 94]. 
However, a numerical study on the effective properties of a metamaterial has revealed that 
decreasing the thickness of the substrate would reduce the contribution of effective 
dielectric function enabling a negative electric response [65]. 
Temperature control of permittivity has also been demonstrated to tune the 
resonant frequency in the terahertz spectral region [95]. A temperature-dependent non-
magnetic rod made of SrTiO3 (STO) is used to demonstrate negative values of magnetic 
permeability tuning at terahertz frequencies by temperature control. Resonance frequency 
tunability of ~44% has been demonstrated when temperature is varied from 300 K to 
120 K. 
An array of metallic ring resonators that supports plasmon-photonic resonances has 
the ability to tune the resonance frequency of metamaterials through the excitation 
conditions and engineering the polarizability of the particles [96, 97]. 
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Design and realisation of tunable metamaterials is a challenging task, as each 
tuning mechanism have limited versatility, design compatibility and suitable only for a 
particular region of the electromagnetic spectrum. Different ways of tuning metamaterial 
structures: shifting of lattice structures, thermal annealing, multilayered metamaterials, 
optical control, superfluid density and temperature control are some of the other forms of 
tuning apart from mechanical deformation. The overview of results obtained from different 
tuning mechanisms confirms promising directions in tunable metamaterials. Continuing 
development in micro- and nano-fabrication techniques for ingenious metamaterial 
structures can enable tunable metamaterials for terahertz and optical applications. 
2.6 Summary and Outlook 
Metamaterials realised on flexible substrates operating at terahertz and visible 
frequencies allow ease of integration with non-uniform surfaces. In addition, mechanical 
deformation of the flexible substrate metamaterials has the potential to overcome the 
narrow band frequency operation of metamaterials to enable excellent electromagnetic 
phenomena. The advancement of tuning mechanisms and the prevalence of fabrication 
facilities are the key to the future of tunable metamaterials. 
In this chapter, recent progress on metamaterials realised on flexible and 
elastomeric substrates have been reviewed. Metamaterials realised on conventional 
polymers such as PDMS, polyimide and PET films have been discussed. The importance 
of substrates with low electrical losses and excellent mechanical properties to realise 
tunable metamaterials have been highlighted. Metamaterials realised on flexible substrate 
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with excellent tunability and broadband responses will enable applications like cloaking, 
sensing and super-lensing. Flexible substrates that can conform onto non-planar structures 
are ideal to realise cloaks for stealth applications. Fabrication techniques to realise 
metamaterials on flexible substrates have been reviewed and it was found that 
conventional microfabrication and nanofabrication techniques can be employed to realise 
single layer and multi-layer metamaterials. Alternate fabrication techniques like shadow 
mask lithography, nanoimprint lithography and electron-beam lithography have also been 
explored to overcome some of the fabrication challenges posed by flexible substrates. 
Other complex fabrication techniques such as membrane projection lithography and direct 
laser writing techniques have the potential to realise complex metamaterial structures with 
isotropic responses. Sophisticated nanofabrication techniques are essential to realise large 
area metamaterials when operating at optical frequencies. 
The mechanical deformation tuning is a promising approach to make metamaterials 
tunable without adding any further complexity to the design and fabrication of the 
structures. This technique allows dynamic tuning of metamaterials without the need for 
bias voltages, nonlinear components and MEMS switches. Metamaterials and plasmonic 
nanostructures realised on elastomeric substrates are highly sensitive to structural 
parameters, which opens up new possibilities for dynamic tuning and engineering 
resonances in plasmonic nanostructures. Such dynamic tunability has the potential to 
enable novel photonic devices and other wide range of applications such as mechanical 
strain sensing, bio-molecular sensing, chemical sensing, cloaking devices and super-lens. 
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Further research is being carried out to enhance the resolution of the structures and fast 
tuning capabilities of mechanical deformable metamaterials. 
From this review it is clear that flexible polymers offer advantages in tuning by 
mechanical deformation. PDMS has low absorption losses, α = 13, at terahertz frequencies, 
low Young’s modulus, superior than any other polymer substrate discussed and compatible 
with microfabrication techniques. These excellent features of PDMS have made it an 
attractive candidate for the work carried out in this thesis. 
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Chapter 3  
Elastomer-based Pneumatic 
Switching of Micro-Devices 
RF microelectromechanical systems (MEMS) switches with low actuation voltages 
have been widely explored to minimise the adverse effects of bias switching on the 
operation of RF transmission lines. In this chapter, a fully integrated functional device 
consisting of a microfluidic valve integrated with transmission line will be used to 
demonstrate bias-free pneumatic switching of a transmission line. This proof-of-concept 
device represents a novel combination of the areas of microfluidics, flexible electronics, 
and broadband microwave devices. Both coplanar waveguide and pneumatic switch will 
be realised on a flexible, elastomeric PDMS substrate using microfabrication techniques. 
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The elastomeric PDMS substrate has excellent mechanical properties and integration 
capabilities required to demonstrate pneumatic switching application. 
A suitable microfabrication process to realise flexible coplanar waveguides on 
elastomeric PDMS substrate will be explored in this chapter. The influence of electrical 
properties of PDMS substrate on RF micro-devices studied in this chapter will enable 
realisation of future RF micro-devices on PDMS substrate. In addition, the influence of 
integration of pneumatic switch on the behaviour of coplanar waveguide transmission 
response and the switching operation will confirm the suitability of pneumatic components 
with electromagnetic structures. The coplanar waveguides to be discussed in this chapter 
will be designed to operate over 2-20 GHz bandwidth. Additionally, the transmission 
results obtained at these frequencies will be used to determine the dielectric properties of 
PDMS. 
The work in this chapter was published as a peer-reviewed article in the 
IEEE/ASME Journal of Microelectromechanical Systems [98]. 
3.1 Fabrication 
In this section, a method for wafer-scale micro-fabrication of patterned conductors 
on PDMS substrate is demonstrated. The technique was developed to be compatible with 
standard silicon-based micro-fabrication processes. 
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Figure 3.1 Schematic of the fabrication sequence for flexible elastomeric micro-devices: (a) pre-
cleaned substrate, (b) deposition of 20 nm aluminium, (c) spin coating of PDMS, (d) deposition of 
metal layers, (e) patterning of metal layers, and (f) release of the flexible device from the substrate. 
 
A schematic of the fabrication sequence followed to realise patterned metal layers 
on PDMS is shown in Figure 3.1. A 3” silicon wafer was pre-cleaned with solvents 
(acetone and isopropyl alcohol) and coated with a thin layer of aluminium (20 nm) 
(Figs. 3.1(a) and 3.1(b)). This aluminium layer acts as a barrier to permanent adhesion of 
PDMS to silicon when curing. The wafer was uniformly spin-coated with PDMS (Sylgard 
184, 10%w/w curing agent) to obtain a thickness depending on the spin speed (Fig. 3.1(c)). 
The PDMS coated sample was cured at room temperature for 24 h to relax the edge-bead 
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formed by the spin deposition process and this was followed by curing the PDMS at 65 °C 
for 30 min to ensure complete cross-linking. In the first trial, gold metal layer of 200 nm 
thickness is deposited on these substrates using electron-beam evaporation (Fig. 3.1(d)) at 
room temperature, followed by photolithography and wet chemical etching to pattern the 
conductors (Fig. 3.1(e)). However, the CPWs realised using electron-beam evaporation 
technique was not able to make good contact with the RF probes due to its reduced 
thickness. Hence, RF CPWs, with thicker metal electrodes were realised using DC 
magnetron sputtering in argon (5 mTorr). High purity targets were used to deposit a 50 nm 
chromium adhesion layer followed by a 3 μm thick gold layer. It should be noted that 
electron-beam evaporation of thicker metal layers was also explored, but the sputtered gold 
films proved more robust and less susceptible to surface micro-cracking. The metal layers 
were patterned using photoresist masks (AZ1512, MicroChemicals) defined by 
conventional photolithography. Gold was etched in aqua regia (nitric and hydrochloric 
acids in water), while chromium was etched in a water-based solution of ceric ammonium 
nitrate and acetic acid. Finally, the entire PDMS layer is peeled off the silicon substrate, to 
realise freestanding and flexible elastomeric substrate with metal patterns (Fig. 3.1(f)). The 
use of aluminium on the silicon substrate ensures a 100% yield in the last step, without 
which the PDMS layer tends to stick to substrate and tear. It should be noted that the 
PDMS thicknesses that can be realised with this process vary from 100 μm to a 
few mm. Figure 3.2 shows an example of such a micro-fabricated device, where the PDMS 
substrate layer is 100 μm thick and the metal conductors are defined by a gold-chromium 
combination about 200 nm thick. Patterned conductor strips with pads can be seen in 
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Figure 3.2(a), while Figure 3.2(b) depicts the flexible characteristics of the elastomeric 
PDMS substrate. These optical micrographs demonstrate that it is possible to use the 
described technique to realise microscale electrodes with lines as narrow as a few microns 
and with gaps in the same order. DC conductivity testing indicated that the devices retain 
their low resistance under bending and deformation. 
 
 
Figure 3.2 Examples of fabricated elastomeric devices: (a) Optical micrograph of straight resistors 
and (b) flexed and twisted elastomeric device. 
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3.2 Experimental 
Having demonstrated a technique to realise microscale electrode structures on 
PDMS, this technique will be utilized to realise an RF transmission line in the form of a 
coplanar waveguide (CPW) and use this structure to characterize the broadband RF 
properties of the flexible PDMS substrate. 
3.2.1 Design and Fabrication of RF Coplanar Waveguide 
The CPWs are relatively simple RF structures consisting of a central conductor and 
two symmetric adjacent ground planes (Fig. 3.3). Such CPW structures are travelling wave 
transmission lines that exhibit uniform impedance, phase delay, and attenuation over ultra-
broad bandwidths, and thus, can be used to accurately determine the RF properties of the 
dielectric substrates on which they are realised. For this work, the CPWs were designed to 
operate up to the RF frequency of 20 GHz. The width of the centre conductor line and the 
gaps were calculated using standard design principles to achieve an impedance of 50 Ω 
[99]. A design constraint was placed on the distance between the midpoint of the centre 
conductor and edge of the ground planes to be less than 400 µm (based on the pitch of the 
RF probes used for testing). For the initial design, an approximate value of 2.55 was 
chosen for the dielectric constant of PDMS, being at the mid-point of 2.3–2.8 quoted as the 
dielectric constant for this material [45]. The resulting design had a central conductor 
width of 600 µm (w) and symmetric gaps of 60 µm (g), as shown in Fig. 3.3. The thickness 
of the gold was set to 3 µm (t) to ensure that it exceeded several skin depths at microwave 
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frequencies [99]. The length L of the CPW transmission lines varied from 10 to 40 mm (in 
10 mm steps) to enable the accurate extraction of PDMS dielectric properties. 
The author would like to acknowledge A/Prof. Wayne Rowe and Dr. Thach 
Nguyen for their contributions to the design of the CPW transmission line. 
 
 
Figure 3.3 Schematic of a coplanar waveguide showing its geometry and RF testing arrangement. 
 
Using these design parameters, elastomer-based CPW transmission lines were 
fabricated using the process described in Section 3.2 (see Fig. 3.1). The PDMS layer was 
250 μm thick to improve handling and stability during RF probing and measurements. The 
metal deposition was carried out by depositing thicker metal electrodes using DC 
magnetron sputtering in argon (5 mTorr) to attain 3 μm thick gold films. 
 
56 
 
 
Figure 3.4 Fabricated elastomeric coplanar waveguides utilizing 3 μm thick gold layers: (a) 
Electron micrograph of micro-cracked morphology, (b) atomic force microscope scan showing 
surface micro-cracks, and (c) 40 mm long gold CPW electrodes (with dimensions as shown in Fig. 
3.2) remain conductive when flexed as shown. 
 
The thickness of the gold and the final stage of release of the flexible PDMS device 
from the silicon substrate (Fig. 3.1(f)) resulted in surface micro-cracking of gold surface 
shown in Figure 3.4(a). Such micro-cracking only slightly increases the electrode 
resistance, with the effect of this determined during RF characterization. The AFM scan 
(Fig. 3.4(b)) also highlights the textured surface (undulations) of gold arising from the 
thermal mismatch between gold and PDMS [50]. This textured surface also contributes to 
microscale wrinkles and macro-scale near-periodic peaks and troughs. The micro-cracks 
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appear at these troughs and are found to be ~1.3 µm deep and <0.5 µm wide. These surface 
micro-cracks relate to ~40% of the gold thickness indicating a significant portion of the 
gold that is greater than a few skin depths remains intact. It should be noted that the micro-
cracking enables the electrode structures to return to original resistance state after flexing 
or stretching, as the cracks allow the metal layers to coalesce [100]. The ability of the 
realised CPW to conform and flex is illustrated in Figure 3.4(c). 
3.2.2 Characterization of CPW’s and Extraction of the RF Properties of PDMS 
The fabricated CPW lines were measured to estimate the dielectric constant and 
dielectric losses of the PDMS substrate. The CPWs under test were adhered to a glass slide 
to provide a rigid platform for probing and a vector network analyser was used in 
combination with high precision RF probes (40A-GSG-400-Q Picoprobe, GGB Industries, 
Inc.) as schematically depicted in Figure 3.3. 
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Figure 3.5 Measured transmission properties of coplanar waveguides on PDMS for four different 
lengths. 
 
CPWs with four different lengths (10, 20, 30, and 40 mm) were measured over 2-
20 GHz bandwidth range and the voltage transmission line response from Port 1 to Port 2 
(S21) was recorded. The transmission properties for these four measurements are shown in 
Fig. 3.5. From the phase responses of the measured transmission response (S21), the RF 
effective index (Nm) of the CPW’s was estimated to be in the range 1.3804 to 1.4217 with 
average RF effective index of 1.396 (horizontal red line in Fig. 3.6). To estimate the 
average RF dielectric constant of PDMS over 2-20 GHz bandwidth range, the CPW 
electrode structure was simulated using a two dimensional finite element method (FEM) 
model (Details on principle of operation of FEM and extraction steps can be found in 
section 3.3.1 of [101]) [102]. The simulations were carried out for substrate dielectric 
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constant ranging from 2.2 to 3.0 (Fig. 3.6) to obtain the effective indexes. The average 
dielectric constant of PDMS was estimated to be 2.72 over 2-20 GHz bandwidth range 
from the FEM simulation results and the measured CPW average RF effective index. The 
estimated average dielectric constant (2.72) is slightly higher than our initial 
approximation (2.55), but within the range of the reference data [45]. All RF 
measurements were carried out for a minimum of five times to verify repeatability of 
measurements. 
 
Figure 3.6 Simulated microwave effective index of the coplanar waveguide as a function of 
substrate dielectric constant. The intersection of the simulated and measured indices occurs at 2.72 
and corresponds to the dielectric constant of PDMS. 
 
Figures 3.7(a) and 3.7(b) show the measured transmission (S21) and reflection (S11) 
coefficients of one particular CPW with length of 40 mm. A theoretical fitting approach 
was applied to the measured transmission plot to obtain conductor and dielectric losses and 
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were measured to be 0.033 dB/cm/GHz
0.5
 and 0.055 – 0.065 dB/cm/GHz, respectively. 
From the estimated dielectric constant, conductor loss and dielectric loss values, the return 
loss (S11) plot was simulated using FEM and the impedance was measured to be 57.9 Ω. 
The ripples observed in the measured transmission plot in Fig. 3.7(a) is a by-product of 
minor impedance mismatch arising from the difference in initially estimated PDMS 
dielectric constant (2.55) to the true dielectric constant (2.72). This minor mismatch is to 
be expected, as one of the aims of this process is to determine the true dielectric constant 
starting with a value defined in the data sheet. Since the reflection magnitude of Fig. 3.7(b) 
remains below 10 dB at all frequencies, it can be concluded that the impedance of the 
transmission line remains close to 50 Ω over the entire bandwidth. 
 
 
Figure 3.7 Comparison of simulated and measured RF characteristics of a 40 mm long elastomeric 
CPW: a) insertion loss and b) return loss. 
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The transmission magnitude attenuates at approximately 5.5 dB with additional 
loss at 20 GHz. This loss is high, but not excessively so. The components of loss would be 
associated with the conductor loss due to finite conductivity, which is small, as gold 
behaves close to PEC at microwave frequencies, and dielectric losses thatoriginate from 
the PDMS substrate [103]. The loss will have the form: 
       
   (3.1) 
where 
                 (3.2) 
where, αc and αd are the loss coefficients due to finite conductivity of the electrodes and 
the dielectric loss of the substrate respectively. The loss due to the conductivity of the 
electrodes themselves can be readily calculated using the 2D FEM simulation results and a 
perturbation approach. The conductor loss coefficient αc was calculated to be 
0.033 dB cm
-1
 GHz
-0.5
. If conductor loss was dominant, the transmission response would 
drop characteristically as the square root of frequency, however the response in 
Figure 3.7(a) appears quite linear with frequency [104]. The calculated conductor loss 
would also contribute significantly less attenuation than that observed in Figure 3.7(a), and 
thus it can be concluded that the attenuation of the CPW electrode is not dominated by 
conductor loss. If it is assumed that the additional loss is entirely due to the dielectric loss 
of PDMS [105]; then magnitude of the loss can be estimated by adjusting the value of αd 
until a best fit to the data is obtained, shown in Figure 3.7(a). Using this method, the 
PDMS dielectric loss αd was estimated to be in the range of 0.055-0.065 dB cm
-1
 GHz
-1
. 
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To the authors’ knowledge, this is the first determination of the RF propagation loss 
properties for PDMS in the frequency range up to 20 GHz. It should be noted that the 
impact of the micro-cracks observed in Fig. 3.4(a) must be considered as potential sources 
of loss, however the loss coefficient calculated above does represent an upper limit on the 
dielectric coefficient of PDMS. The transmission and reflection coefficients simulated 
using these extracted parameters are also presented in Figures. 3.7(a) and 3.7(b). It is clear 
that these parameters do provide a good description for the PDMS substrate and RF 
performance of the transmission line. 
Having demonstrated the realization and characterization of a broadband travelling 
wave CPW on a PDMS substrate, the elastomeric properties of PDMS is further explored 
in the next section by integrating a pneumatic switch with the CPW. The pneumatic switch 
is based on a pneumatically-actuated membrane valve that enables bias-voltage free 
switching of the CPW. 
3.3 Pneumatic Switching of Coplanar Waveguide 
One of the most important devices being explored in radio frequency micro-
electro-mechanical systems (RF MEMS) is the electro-mechanical switch. These switches 
must provide strong suppression of the transmission over multi-octave bandwidths, while 
also offering low actuation voltages such that systems of these switches could be 
effectively realised [106, 107]. Methods to reduce the actuation voltage of switching for 
RF transmission lines by using complementary metal oxide semiconductor MEMS 
(CMOS-MEMS) techniques have been widely explored, but these solutions must often 
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compromise on the low insertion loss for ‘on’ state, isolation for ‘off’ state and inter-
modulation distortion of the RF device in order to achieve low-voltage actuation [108]. 
In this section, a combination of PDMS-based RF electronic devices and pneumatic 
valves is reported to achieve a pneumatically-switched RF coplanar waveguide. PDMS has 
low dielectric sensitivity to frequency with low levels of dispersion than common organic 
polymers and low dissipation losses [75], while pneumatic valve technology offers a non-
electronic form of control of RF devices eliminating electromagnetic interference and 
parasitic effects caused by bias lines. The outcomes present opportunities for 
pneumatically-switched addressable RF devices and elements. These can be utilized to 
control RF transmission in order to potentially activate or disable RF devices such as 
antenna and metamaterials [109]. This enables a new category of switchable and variable 
antennas and metamaterial arrays. 
 
 
Figure 3.8 Screenshot of a model of an elastomer-based pneumatic valve. 
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The modelling was performed using the dielectric constant (ϵ) and loss tangent 
(tan δ) of PDMS of 2.72 and 0.0395, respectively. These RF parameters of PDMS 
substrate were obtained from the characterization of CPW with varying lengths (explained 
in detail in section 3.2.2). Modelling dimensions of coplanar waveguide and pneumatic 
valve matched that of experimentally realised and measured structures, except for few 
approximations: (i) PDMS substrate, pneumatic valve and metal electrodes were assumed 
to have uniform geometry, free from fabrication irregularities; (ii) A close approximation 
of thickness of the gold (3 µm) and PDMS (250 µm) layers was considered; and (iii) Gold 
and silver electrodes had finite conductivities assigned using respective materials 
properties. For ease of modelling, the switching operation of pneumatic valve has been 
approximated to three elements consisting of two PDMS blocks and a centre electrode as 
shown in Figure 3.8. The thin PDMS membrane supporting the silver electrode and the 
valve sidewalls were not modelled as they were deemed to have minimal influence on the 
transmission properties of the CPW. 
3.3.1 Pneumatic Micro-valve Fabrication 
The valve design was based on that of Unger et al. [109], which is scalable to small 
dimensions. This valve consisted of two bonded PDMS layers: a thick layer containing the 
control channel to enable the valve air pressure to be adjusted and a thin elastomeric 
membrane that is actuated by differential air pressure across the membrane. The schematic 
of such micro-valve is shown in Figure 3.9. These multilayer valves were realised using a 
combination of soft lithography and bonding techniques [109]. A thin metal electrode 
(silver epoxy) was defined on top of the membrane using an imprinting process.  
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The author acknowledges the contributions of Mr. Mahyar Nasabi in providing 
valuable guidance in the design and realisation of the valves. 
 
 
Figure 3.9 Schematic of the final valve structure showing the control channel, the thin PDMS 
membrane, and the imprinted silver electrode. 
 
 
Figure 3.10 Schematic with plan and cross-section views depicting the operation of the pneumatic 
RF switch in (a) closed state and (b) open state. 
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Figure 3.10 illustrates the operation of pneumatic valve as an RF switch. The valve 
structure is oriented such that the metalized membrane is placed face down over the CPW 
electrode. The low surface energy of the PDMS of both the valve and the CPW 
components is sufficient to bond these two components together. In the ‘off’ state 
(Fig. 3.10(a)), the air pressure in the control channel is made slightly positive in order to 
ensure good contact between the CPW electrodes and the shorting electrode on the 
membrane. In the ‘on’ state (Fig. 3.10(b)), the air in the control channel is evacuated, the 
membrane is thus retracted into the control channel cavity breaking the electrical contact 
with the CPW electrodes and removing the shorting electrode from the vicinity of the 
CPW. 
 
 
Figure 3.11 (a) Integrated pneumatic RF switch with valve placed on a CPW transmission line, 
with inset showing an optical micrograph of the closed state. (b) Photograph of the RF testing 
arrangement with the integrated device. 
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Figure 3.12 Schematic of the micro-valve control channel with dimensions. 
 
Figure 3.11(a) presents a photograph of the realised pneumatic switch assembled 
with the CPW electrode. The valve membrane dimensions (10 mm × 1 mm) and channel 
depth (80 µm) were chosen to ensure stable and repeatable switching performance (see 
Fig. 3.12). The length of the shorting electrode on the PDMS membrane was in excess of 
800 μm to ensure that all three CPW conductors (the central conductor and the two outer 
ground planes) were electrically connected when the shorting electrode was brought into 
contact. The fabricated pneumatic micro-valve is placed in contact with the elastomeric 
CPW structure. The silver conductor on the micro-valve membrane is positioned (using an 
optical microscope) such that it overlaps the three conductors of the CPW. The control 
channel was actuated and evacuated using a manual syringe as seen in Figure 3.11(a). 
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3.3.2 Experimental 
Before proceeding with testing the switching operation of coplanar waveguide the 
switch is tested under direct current (DC) conditions to ensure shorting of electrodes. This 
showed that slight positive pressure is required for the shorting electrode to make good 
electrical contact with the gold CPW electrodes (Fig. 3.10(a)). After DC testing, the device 
was placed on an RF probe station as shown in Figure 3.11(b). 
The RF testing of CPW was divided into two stages: In the first stage, insertion 
loss due to the addition of pneumatic valve on the CPW was determined. The addition of 
pneumatic valve, PDMS, on top of the CPW had a limiting effect on the RF signal 
transmission. Figure 3.13(a) presents the measured transmission coefficient of the 
elastomeric CPW line with and without an integrated pneumatic valve (Fig. 3.7(a)), here 
the pneumatic valve was set to open state by evacuating the control channel as shown in 
Figure 3.10(b). The S21 plot (Fig 3.13(a)) shows that the insertion loss increases slightly 
when the air over the CPW is replaced with PDMS. This increased loss can be attributed to 
the following: increase in the effective index of transmission line (resulting in higher 
conductor losses due to the longer duration spent interacting with the electrode), increase 
in the characteristic impedance of the transmission line, and additional dielectric loss due 
to the increased interaction with additional PDMS valve layer. From the extracted PDMS 
parameters, the transmission characteristics of the CPW were modelled using FEM. The 
simulated results for both with and without the pneumatic valve layer are presented in 
Figure 3.13(b). Excellent agreement between simulated and measured data is evident 
supporting the accuracy of our estimated dielectric loss parameter for PDMS. 
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Figure 3.13 Measured and simulated transmission data presented in (a) and (b), respectively, 
demonstrates the effect of placing the valve (in its inactive, open state) on top of the CPW line. A 
slight increase in loss is observed. Measured and simulated data presented in (c) and (d), 
respectively, characterizes the pneumatic switching. A minimum 20 dB difference can be observed 
between the valve open (full transmission) and closed (nil transmission) states. 
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Figure 3.14 Return loss of the pneumatically-switched coplanar waveguide device. This 
corresponds to the insertion loss data presented in Fig. 3.13(c). 
 
In the second stage of testing, transmission measurements for pneumatic switching 
of the coplanar waveguide is obtained. The switch is set to the ‘off’ position by returning 
air to the control channel with slightly positive pressure (see Fig. 3.10(a)) and the 
transmission characteristics were again measured using the RF probe station (Fig. 3.11(b)) 
with the measured results presented in Figure 3.13(c). With the shorting electrode in 
contact with the CPW, the measured transmission drops by 20 dB with respect to the un-
shorted case in Figure 3.13(a). This extinction of the transmission is effective over the 
entire 20 GHz bandwidth indicating excellent contact is achieved between the CPW and 
the pneumatically actuated shorting electrode. The RF signal that is not transmitted is in 
fact reflected back to Port 1 (Fig 3.14). The expected transmission behaviour in the off 
state was also modelled using FEM and our extracted PDMS parameters and these 
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simulated results are presented in Figure 3.13(d). Again, excellent agreement is evident 
between the measured results and simulated predictions, further demonstrating the utility 
of our extracted PDMS parameters. The switching of coplanar waveguide was carried out 
few times and it was noticed that the variability of obtained results is less than the 
measurement tolerances, demonstrating an excellent repeatability of switching (see Fig. 
3.15). These devices with potential switching times in the range of 10 ms [109] can be 
utilized to alter the state of RF transmission and/or potentially activate or disable RF 
devices such as antenna and metamaterials [36, 110]. In its current form the pneumatic 
valve suffers from low operational speed when compared with a commercial PIN diode (1 
µs) and needs further research to realise pneumatic valves with enhanced switching 
speeds. The excellent agreement between our measured and simulated results also 
indicates that our extracted parameters can be used to reliably model and design RF 
devices that utilize PDMS as an pneumatic electro-mechanical platform. The results 
confirm that pneumatics can be used successfully to achieve a broad band, high extinction 
RF switch that is free from electromagnetic interference due to the absence of bias lines. 
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Figure 3.15 Characterization of repeatability of pneumatically switched elastomer-based 
transmission line. Excellent overlap of multiple measurements can be observed. 
 
3.4 Summary and Outlook 
In this chapter, a new method of pneumatic switching was used to demonstrate a 
bias-line free switching of a transmission line. Both transmission line and the pneumatic 
switch were fabricated on elastomeric PDMS substrate using conventional 
microfabrication techniques. The dielectric constant and refractive index of the PDMS 
were extracted from the experimental measurement of coplanar waveguide of different 
lengths and FEM analysis. The PDMS substrate has uniform low-loss, low dielectric 
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constant and low refractive index when operating at microwave frequencies. Pneumatic 
operation was applied by bringing the valve in contact with the coplanar waveguide to 
short the transmission line and its coplanar ground lines. The potential of using pneumatic 
switch for controlling the transmission line over the conventional bias-line switching 
reduces the complexity of the transmission line design and interference with the 
electromagnetic signal. The integration of pneumatic switch with coplanar waveguide had 
minimal degradation in its operation with an additional insertion loss of 0.16 dB mm
-1
 at 
20 GHz. The switching operation of pneumatic switch with greater than 20 dB isolation 
between the ‘on’ and ‘off’ state has been experimentally demonstrated. The switching 
operation was repeated over many cycles and the results demonstrate excellent 
repeatability with negligible or no variation. 
Spin-coating technique has been utilised to realise PDMS substrate of appropriate 
thicknesses to realise the coplanar waveguide. To overcome the strong adhesion of PDMS 
to the silicon wafer, an intermediate aluminium layer was deposited which ensured easy 
peeling of the flexible coplanar waveguide from the silicon wafer. The patterned metal 
layers had surface micro-cracks as a result of peeling them off the substrate but continued 
to remain conductive; this has been further confirmed with the evidence from AFM surface 
morphology scan. The microfluidic valves, often used in microfluidics to realise lab-on-a-
chip devices, were used as pneumatic switch to demonstrate switching of coplanar 
waveguide. They were realised by imprinting metal on the surface of the valve. Due to the 
low surface energy of PDMS substrate, it was easy to integrate the transmission line and 
the pneumatic switch. During the testing of pneumatic switching operation of coplanar 
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waveguide it was found that slight positive pressure was required in its ‘off’ state 
operation to ensure that the coplanar waveguide were completely short. 
The techniques realised to obtain coplanar waveguides on PDMS substrate can now 
be extended to realise resonant structures on PDMS substrate to demonstrate 
metamaterials. The pneumatic switching of coplanar waveguide presented in this chapter 
has provided a process that has enabled realisation of reconfigurable metamaterials 
operating at microwave frequencies [7].  
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Chapter 4  
Metamaterial and Sensing Devices 
at Terahertz Frequencies 
Sub-wavelength resonators used to form metamaterials exhibit strong resonant 
behaviour that has opened up new opportunities for tuning and sensing applications at 
terahertz frequencies [4, 111], which is the focus of this chapter. 
In the previous chapter, a novel technique to realise a transmission line on PDMS 
substrate integrated with a pneumatic valve operating at microwave frequencies has been 
demonstrated. In this chapter, the use of elastomeric substrate and planar fabrication 
processes will be extended to realise resonator structures operating at terahertz 
frequencies. A process will be setup to realise micro-structures on PDMS substrate with 
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high-resolution features. The structures realised using this process will demonstrate a 
predictable behaviour that is comparable with the modelled resonator structures. The 
electrical properties of PDMS will be extracted to confirm its suitability to realise 
metamaterials operating at terahertz frequencies. Firstly, a fishnet metamaterial design 
consisting of multiple layers of patterned resonators and dielectric spacer will be realised 
on PDMS substrate using microfabrication processes and its electromagnetic response at 
terahertz frequencies will be studied. In the second investigation, the elastic property of 
PDMS substrate is explored to demonstrate tuning of resonance frequency and sensing 
capabilities by mechanical deformation. It will be further extended to demonstrate 
bidirectional strain sensing using a modified resonator design with four-fold symmetry. 
The metal patterns realised on PDMS substrate should withstand repeated cycles of 
stretching without any disintegration and delamination of resonators from its substrate. 
The work presented in this chapter has resulted in three journal articles, two 
publications in Applied Physics Letters, and one in Optics Letters. 
4.1 Fishnet Metamaterial 
In this work, a fishnet metamaterial structure is realised at terahertz frequencies on 
a flexible substrate. Fishnet resonator design is capable of exhibiting negative permittivity 
and negative permeability simultaneously, achieving the negative index of refraction 
required in applications such as perfect lens [112], metamaterial antennas [113], and 
electromagnetic absorbers [114]. Due to its four-fold symmetry fishnet structures are 
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polarization insensitive [115]. The fishnet structure will comprise two aligned metal layers 
separated by a dielectric layer, which is well served by planar processing. 
4.1.1 Design and Experimental 
4.1.1.1 Extraction of Terahertz Properties of PDMS 
Before fabricating metamaterials on PDMS substrate, it is important to extract its 
electrical properties (dielectric constant, refractive index, loss tangent) at terahertz 
frequencies, as the information provided in the data sheets is limited to RF frequencies 
(100 Hz – 100 KHz) [45]. As a silicone polymer, PDMS is known to have constant 
refractive index and low absorption [75]. This behaviour is verified in the terahertz regime 
using a conventional terahertz time-domain spectroscopy (THz-TDS) system, equipped 
with a photoconductive antenna for terahertz radiation generation, and an electro-optical 
detector to detect the transmitted terahertz radiation. The pumping laser was a mode-
locked Ti: sapphire laser with a central wavelength of 800 nm, pulse duration of <100 fs, 
and a repetition rate of 80 MHz. The system generated pulsed Terahertz radiation radiation 
spanning 0.05 to 2.8 THz, with a maximum dynamic range of 30 dB. The collimated beam 
diameter was approximately 10 mm. 
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Figure 4.1 Properties of a 960 μm thick PDMS sheet measured in the terahertz region: (a) index of 
refraction and (b) absorption coefficient. 
 
The PDMS samples under test were 375 and 960 μm thick sheets. Reference and 
sample measurements were conducted at room temperature with a nitrogen-purged 
chamber to avoid water vapour absorption lines. The index of refraction and the absorption 
coefficient for both thicknesses were determined with similar characteristics obtained. The 
refractive index and absorption coefficient for the 960 μm thick PDMS sheet in the 
terahertz region are shown in Figure 4.1. The absorption coefficient of 20 cm
-1
 at 1.0 THz 
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compares well with that of 30 cm
-1
 for polyimide [16]. Using these results, the dielectric 
constant and loss tangent of PDMS were estimated as 2.35 and 0.02-0.04, respectively, 
across the 0.2 to 2.5 THz band. This relatively low absorption of PDMS is significant to a 
reduction of loss in metamaterials [116]. More details on terahertz time domain 
spectroscopy and PDMS properties extraction method are explained in the next section. 
4.1.1.2 Fishnet Metamaterial Design 
The unit cell of the proposed fishnet structure [115, 117] is shown in Figure 4.2. 
The structure consists of patterned metallic layers embedded in PDMS. Using the extracted 
dielectric constant, fishnet structures were designed using Ansoft HFSS software (based on 
the full-wave finite element method). The structure is simulated as both periodic and 
infinite in the x-y plane. The incident wave is normal to the plane of the structure, and the 
electric and the magnetic fields are parallel to y-axis and x-axis, respectively. 
The author would like to acknowledge the contribution of Dr. Iryna Khosasevych 
for her contributions to the design and simulation of the fishnet structure. 
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Figure 4.2 Fishnet unit cell with the following parameters: cell dimensions 70×70×510 µm
3
, 
p = 50 µm, w = 5 µm, t = 10 µm, d = 250 µm for both outer encapsulating PDMS layers. 
 
The simulated performance of the designed single and double layer fishnet is 
presented in Figure 4.3. The fishnet exhibits a magnetic resonance at 2.1 THz due to anti-
parallel currents induced in the first and second layers of the structure by the magnetic 
field passing between the metal layers. The currents form an inductive-capacitive LC loop 
within each unit cell, with the dielectric spacer between the layers acting as a capacitor and 
metal slabs acting as inductors [118]. Excitation of these surface currents in the fishnet is 
impossible if the loop is broken by removing the second metal layer. To demonstrate that 
the resonance predicted at 2.1 THz is a magnetic resonance, the simulations were repeated, 
but with just a single layer (see Fig. 4.3). The disappearance of the 2.1 THz resonance 
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confirms the magnetic nature of the resonance. The simulations in Figure 4.3 also exhibit 
an electric dipole resonance occurring at 2.9 THz. The electric nature of this resonance is 
confirmed by the fact that it is largely unaffected by removal of the second layer. The 
electric field induces currents oscillating along the metal slabs in the same direction for 
both layers. After removing the second metal layer the currents are still induced on the first 
layer resulting in an electric resonance that has shifted slightly to 2.8 THz. 
 
 
Figure 4.3 Simulation results comparing the terahertz response of a single and double metal layer 
fishnet structure. The magnetic response for the double layer can be observed at 2.1 THz. 
 
4.1.1.3 Fabrication of Fishnet Structures 
The fishnet structures are fabricated for experimental validation exploiting standard 
microfabrication techniques that are adapted to flexible, elastomeric device fabrication 
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[98]. The fishnets have a total of five layers, with alternating layers of PDMS (3 layers) 
and patterned metal (2 layers). PDMS is spin coated on to a silicon wafer to obtain a 
thickness of 250 μm and cured at room temperature to allow the edge bead formed by spin 
deposition to flatten. Metal layers are deposited on the PDMS coated wafer using electron-
beam evaporation at room temperature. Alternating layers of chromium (20 nm) and gold 
(200 nm) are deposited with three layers of chromium encapsulating two layers of gold, 
this ensured that the metal layers were several skin depths (five) when operating at 
terahertz frequencies. The alternating layers are to minimize thin-film stress, and to have 
chromium as the outer layers to improve adhesion to PDMS, resulting in a 460 nm thick 
metal layer. The metal layers are patterned using standard photolithography techniques. A 
thin layer of PDMS (10 µm) is spin-coated on the first metal fishnet layer to serve as the 
dielectric separating the two fishnet layers. Following the curing of this layer, the multi-
layer metallization and etching process is repeated to define the second fishnet layer, with 
an alignment process during photolithography. The fabrication process is completed by 
spin coating and curing a 250 μm thick PDMS layer, this layer encapsulates the underlying 
metal patterns with good adhesion to substrate. The resulting 5-layered symmetric 
structure is peeled off from the supporting silicon substrate to realise a flexible fishnet 
metamaterial (Fig. 4.4(a)). 
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Figure 4.4 (a) Photograph of a section of the microfabricated elastomeric fishnet structure. 
(b) Optical micrograph showing nine fishnet unit cells, the void between the metallization appears 
as a cross, where a slight misalignment between the two metal layers can be observed. 
 
4.1.1.4 Extraction of Fishnet Electromagnetic Properties 
The effective permittivity and permeability of the fishnet, presented in Figure 4.5, 
were extracted from the simulation results [119]. The sample transmission and reflection 
coefficients were de-embedded to compensate for the phase shift in the outer PDMS layers 
and free space. The structure clearly shows a negative permittivity below 1.7 THz and a 
negative permeability at 2.1 THz. These engineered negative properties are clear evidence 
of the metamaterial effect of the sub-wavelength resonator features. However, in our 
realised structure, these electric and magnetic properties are not found at the same 
frequency as would be required for a negative refractive index metamaterial. Such a 
structure could be achieved by optimizing the unit cell to account for the plasma frequency 
of the wire grid. 
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Figure 4.5 Effective permittivity and permeability of the double layer fishnet in PDMS are shown 
in (a) and (b), respectively. 
 
4.1.2 Results and Discussion 
The behaviour of the fishnet structure is strongly dependent on the direction of 
flow of its surface currents. The surface current in the top and bottom metal layers of the 
fishnet at 2.1 THz is presented in Figures 4.6(a) and 4.6(b), respectively. This shows that 
the current flows in opposite directions, as is expected at the frequency of the magnetic 
resonance and hence the negative permeability [119]. The current distribution at electric 
resonance is presented as Figure 4.7. The surface current at the electric resonance will be 
in the same direction in both fishnet layers, as indicated in Figure 4.3. The modelling result 
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to complement the results for the magnetic resonance in Figure 4.6 is presented in 
Figure 4.7. 
 
 
Figure 4.6 Distribution of the surface current of the (a) top and (b) bottom metal layer of the 
fishnet at the frequency of negative permeability (~2.1 THz). The opposite direction of current 
flow at magnetic resonance can be observed. 
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Figure 4.7 Distribution of the surface current of the (a) top and (b) bottom metal layer of the 
fishnet at the frequency near electric resonance (~2.8 THz). Current flow in the same direction at 
electric resonance as indicated in Figure 4.3 can be observed. 
 
 
Figure 4.8 Simulated and measured terahertz response of PDMS-based fishnet structures. Good 
agreement can be observed in transmission intensity and resonant dip position, including the 
expected stop band splitting due to the 3 μm misalignment. 
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Figure 4.8 compares the simulated and measured results for transmission through 
the fishnet structure. Good agreement between theoretical and experimental results is 
observed. Resonant dips are evident at 2.0 THz and 2.1 THz as predicted by simulations of 
a slightly misaligned fishnet. Splitting in the high transmission area after resonance is also 
evident in both the experimental measurements and theoretical predictions. The lowered 
transmission below 1.65 THz is caused by the negative permittivity achieved by the 
metamaterial. The simulated results provide a best fit to the experimental results for a loss 
tangent of 0.02, validating the low loss characteristics of the elastomeric PDMS substrates. 
The weak oscillations observed in the measurement are caused by Fabry-Pérot reflections 
[120] and do not affect the performance of the fishnet. 
 
88 
 
 
Figure 4.9 Simulation results comparing terahertz response of aligned and misaligned double layer 
fishnet structures. Arrows indicate significant stop bands. The misalignment simulated is 3 μm in 
both x and y directions corresponding to the fabrication outcome. Stop band splitting as a result of 
misalignment can be observed. 
 
The elastomeric property of PDMS that this work aims to capitalize on, poses a 
challenge in the alignment of layers during the patterning of the second fishnet layer with 
respect to the first. The contact lithography process occurs with a wedge error correction 
process, meaning one edge of the wafer comes into contact with the photolithography 
mask first, before the rest gradually comes in contact. This typically results in a 2-5 μm 
misalignment error in the multilayer elastomer samples. Figure 4.4(b) shows a fabricated 
fishnet structure with 3 μm misalignment in both x and y directions. The influence of this 
misalignment on the expected terahertz spectra is determined by HFSS modelling with the 
results presented in Figure 4.9. The misalignment causes a slight splitting of both the stop 
band and also the ensuing pass band. The broad dips in Figure 4.9 at 1.1 THz and 1.5 THz 
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can be explained by Fabry-Pérot reflections within the thick outer PDMS layers. Despite 
this slight splitting, the structure shows good tolerance to misalignment, in that the 
magnitude and position of the transmission band remain almost the same. A slight shift 
occurs due to the change in capacitance of the spacer as a smaller overlap area is involved 
in the resonance. 
In summary, a multi-layer planar fabrication process and characterization of fishnet 
metamaterial on PDMS substrate operating at terahertz frequencies is demonstrated. High 
transmission of terahertz radiation in pass-band highlights the low propagation loss of 
PDMS substrate. The fishnet structures exhibited strong magnetic resonance with high 
tolerance to fabrication misalignment. In the future work, the fishnet structures can be 
extended to integrate with microfluidic PDMS devices to enable fluid infiltration to 
demonstrate tuning and sensing applications. 
4.2 Single-axis Strain Sensing 
The resonance frequency of metamaterials is sensitive to micrometre scale 
deformation of the structure. This property of metamaterial has been explored in this 
section with an I-shaped resonator on an elastomeric PDMS substrate. With single axis 
strain sensing devices, the structures are stretched in one direction and a corresponding 
shift in the frequency is measured. 
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4.2.1 Design and Experimental 
4.2.1.1 Design 
A modelled array of I1 shaped resonators comprises a thin gold layer, sandwiched 
between the PDMS substrate layer, and a PDMS encapsulation layer. The thicknesses of 
the substrate, metal, and the encapsulation layer are modelled as 100 µm, 200 nm, and 10 
µm, respectively. Full details of the unit-cell design are further illustrated in Figure 
4.10(a). To predict the electromagnetic behaviour of the resonator, the structure is 
simulated in CST MICROWAVE STUDIO. The simulated field at resonance can be found 
in Figure 4.10(b). When the terahertz wave is transmitted through the metamaterial with 
the polarization perpendicular to the gaps, the resonators collectively develop a dipole 
resonance. The resultant dipole resonance frequency can be approximately evaluated from 
the equivalent inductance and capacitance in the form of 
     
 
     
  (4.1) 
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Figure 4.10 Unit cell design and electric-field distribution at resonance frequency for I1 design 
metamaterial shown in (a) and (b), respectively. Unit cell design and electric-field distribution at 
resonance for I2 design metamaterial shown in (c) and (d), respectively. The dimensions of the 
structures are as follows: a = 63 µm, s = 48 µm, l = 60 µm, w = 5 µm, d = 3 µm, e = 4 µm, 
geo = 3 µm, and gei = 4 µm. The directions of the propagation and polarization are indicated. 
 
At resonance, the incident electric field induces a large accumulation of surface 
charges in the metal strips forming the gap, causing a strong electric field in the gap. When 
a stretching force is applied along the polarization direction, macroscopic deformation 
results in an expansion in the gap width of the resonators and consequently a reduction in 
the gap capacitance. By considering that the thickness of the metal layer is much smaller 
than the width of the metal strips and the gap, the capacitance model of two finite parallel 
lines on a dielectric plane can be expressed as 
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   (4.2) 
where  0 is the permittivity of free space,  r is the relative permittivity of the 
substrate material, t is the thickness of the metal layer, w is the width of metal strips, 
g = a – l is the gap width, and s is the length of the metal strips. The equation 4.2 is 
obtained from the storage capacity of the capacitance model, C =    . The capacitance in 
this equation is proportional to the metal thickness and the width of strip, and inversely 
proportional to the gap width. As the resonance frequency is inversely proportional to the 
capacitance, the resonance frequency shifts to higher frequencies with increasing gap 
width. As an extension to the I1 design, the straight capacitive gap is replaced by an 
interdigitated gap. In the I2 design, the fingers in the gap are oriented parallel to the 
intended operating polarization. All dimensions and materials are the same as those in 
design I1, except for the interdigitated fingers. A diagram of the interdigitated structure 
and the simulated electric fields at resonance is presented in Figures 4.10(c) and 4.10(d), 
respectively. The interdigitated gap provides a higher capacitance through a longer 
effective gap length [23]. An increase in the gap capacitance should lead to a stronger 
coupling and consequently the Q-factor should be greatly enhanced [121, 122]. 
4.2.1.2 Fabrication 
The resonator structures are fabricated for experimental validation by utilizing 
standard microfabrication techniques that are adapted to flexible, elastomeric device 
fabrication [98]. The resonators are made by patterning thin layers of metal film deposited 
on flexible PDMS substrate. The substrate layer for the resonator structures is obtained by 
93 
 
spin coating PDMS on to a silicon wafer [123] to obtain a thickness of 100 µm. Metal 
layers are deposited on the cured-PDMS coated wafer using electron-beam evaporation at 
room temperature. First, a thin layer of chromium (20 nm) is deposited, to enable adhesion 
of the gold metal layer, followed by gold (200 nm) deposition on the PDMS substrate. The 
metal layers are patterned using standard photolithography techniques. The fabrication 
process is completed by spin coating and curing a final layer of PDMS (10 µm) on top of 
the above patterned sample to avoid delamination of metal layers from PDMS substrate 
that could result from repeated cycles of mechanical deformation. The encapsulation 
technique ensures reliable operation of realised resonators without any disintegration. The 
completed resonator structure is peeled off from the supporting silicon substrate to realise 
arrays of both I1 and I2 resonator designs as shown in Figure 4.11(b). 
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Figure 4.11 Fabricated terahertz metamaterials. (a) Photograph of the sample showing its 
flexibility. (b) Optical micrograph of I1 and I2 design metamaterials. 
 
4.2.1.3 Testing of Single-axis Strain Sensors 
The measurement is performed by means of a fibre-coupled THz-TDS (Tera K15, 
Menlo Systems GmbH), as shown in Figure 4.12(a). The system bandwidth is 
approximately 4 THz with a peak dynamic range of 76 dB at 300 GHz. The terahertz wave 
from the emitter is collimated and focused onto the centre of the sample with a beam 
diameter of approximately 2 mm, covering thousands of the resonators. The fabricated 
metamaterial is mounted using two plastic clamps on a custom-made test jig, as shown in 
Figure 4.12(b), which allows the stretching of samples with micrometer precision. An 
aperture with a 12 mm diameter in the metal base of the jig allows for transmission-mode 
measurements. The stretching is applied in discrete steps with Δl0 = 65 µm defining the 
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step size, equal to 1% strain of the initial sample length l0 = 6.54 mm and Δl0 = 65 µm. 
During experiments, the strain is varied up to 10%. At each Δl0 step, the sample is held in 
a fixed position for 45 min, and during this time the measurements are repeated 3 times.  
 
 
Figure 4.12 Experimental setup. (a) A schematic of the employed THz-TDS system. (b) Top and 
side views of the test jig for stretching metamaterials with controllable strain. 
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4.2.2 Results and Discussion 
 
 
Figure 4.13 Transmission magnitude of the I1 design ((a), (c)) and the I2 design ((b), (d)). Plots 
((a), (b)) and ((c), (d)) show the experimental and simulation results, respectively. The structures 
are stretched from 0 to 10Δl0 with a step size of Δl0. 
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Figure 4.14 Optical micrographs of the resonators. (a) and (b) I1 design in relaxed and stretched 
positions, respectively. (c) and (d) I2 design in relaxed and stretched positions, respectively. The 
applied strain in (b) and (d) is equal to 10%. The dashed lines are for visual guidance. 
 
The terahertz transmission response of I1 is presented in Figure 4.13(a). The initial 
resonance of I1 at its relaxed position is equal to 0.76 THz. When the stretching force is 
applied, the resonance frequency shifts upwards by approximately 30 GHz to 0.79 THz or 
about 4% with the strain changing from 0 to 10Δl0 . The I2 structure is also measured by 
using the same procedure and the measured THz response is presented in Figure 4.13(b). It 
is clear that the initial resonance frequency of I2 is slightly lower than that of I1 due to an 
increase in the capacitance in the gaps. Under stretching, the resonance frequency shifts 
from 0.64 THz to 0.68 THz or about 6.3% with the strain changing from 0 to 10Δl0. 
Comparing the I2 design (Fig. 4.13(b)) with I1 design (Fig. 4.13(a)), it is clear that I2 
design has a Q-factor of approximately 10% greater and exhibits a higher sensitivity to the 
applied strain than the I1 design. From the simulations shown in Figures 4.13(c) and 
4.13(d), the magnitude of transmission at relaxed state for I1 and I2 designs were found to 
be -27 dB and -31 dB respectively. The bandwidth of resonance frequency at half power 
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point (3-dB point) for I1 and I2 designs at relaxed state were 0.0031 and 0.035 
respectively. Also, at 10% strain the magnitude of transmission for I1 and I2 design were 
found to be -26 dB and -30 dB respectively The bandwidth of resonance frequency at half 
power point (3-dB point) for I1 and I2 designs were 0.0035 and 0.031 respectively. Both 
the results, for relaxed and stretched state, for I2 design confirms an increase in overall 
bandwidth from 0.003 to 0.03 at 3-dB point, an increase in Q-factor by 10%. Figure 4.14, 
depicts the change in  the gap size and the resonator length when the samples are under 
10% strain. The resonator length (l) changes by approximately 1 µm, and the gap size (g) 
changes by approximately 1.5 µm. As mentioned earlier, a larger gap size causes a blue-
shift in the resonance frequency. On the other hand, a longer resonator causes a red-shift. 
These two effects counteract each other. Since the resonance frequency is more sensitive 
to the gap size change, the ultimate effect is a blue-shift in the resonance. This can be 
confirmed by the simulation results shown in Figure 4.13(c), where the gap size is changed 
from 3 to 4.5 µm or about 50%, and the resonator length is changed from 60 to 61 µm. In 
the case of design I1, the resonance frequency shifts upwards by 4.2%, and in the case of 
I2, the resonance frequency shifts by 6.6%. This is close to the measurable 4% and 6.3% 
shifts in I1 and I2, respectively. A difference in the transmission magnitude between the 
simulation and experimental results is ascribed to the loss and tolerances in the fabricated 
metamaterials. To characterize the reversibility and repeatability of the mechanically 
tunable metamaterials, the process of stretching and releasing is repeated several times. 
Each metamaterial sample is stretched in 1% strain steps up to 10% and then relaxed in the 
same discrete steps back to the initial position. As shown in Figures 4.15(a) and 4.15(b) for 
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both designs, the resonance frequency returns to close to the initial value after completing 
a stretching cycle with only a small hysteresis loop evident. This implies that the 
resonators and hence the substrate fully recover to the initial position. 
 
 
Figure 4.15 Resonance frequency as a function of the strain. (a) and (b) First stretching cycle for 
designs I1 and I2, respectively. (c) and (d) Design I2 in second and fifth stretching cycles, 
respectively. 
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Figures 4.15(b-d) shows the measured resonance frequency of structures of type I2 
during the 1st, 2nd, and 5
th
 stretching-releasing cycles. The first three cycles have an 
interval of 24 h between them, and the time delay before the 4th and 5th cycles is 
increased to more than 48 h. Remarkably, the resonance frequency of the sample without 
applied strain moves downwards during the priming cycle, from 0.64 THz to 
approximately 0.60 THz, and then becomes steady in subsequent cycles. This can be 
attributed to mobility of micro-cracks in the metallic resonators. Initially, the thin gold 
layer deposited on the PDMS substrate has a wrinkled structure, and contains surface 
micro-cracks within the order of micrometers or less. As reported in the literature on 
flexible electronics [48, 98], the first stretching cycle serves as a priming cycle. Over the 
course of this priming cycle, the distribution of gold micro-cracks attains an equilibrium 
state between the two PDMS layers enabling repeatable strain performance. As a result, 
the effective length of each resonator increases slightly, which induces a red-shift in the 
resonance frequency. Notably, the tunable range is enhanced from 6.3% to 8.3% after the 
first stretching cycle, as can be observed in Figures 4.15(b) and 4.15(d). This is due to an 
improved elasticity of the gold-PDMS substrate [48, 98]. The thin elastomeric substrate 
and the gold layer with distributed micro-cracks both become more stable for subsequent 
stretching cycles, resulting in the reversible stretchability, as evidenced by Figures 4.15(c) 
and 4.15(d). 
In summary, mechanically tunable metamaterials were fabricated on PDMS 
substrate and characterized at terahertz frequencies. A continuous tunability of resonance 
frequency with repeatability for small applied strains has been achieved. Further, by 
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adding interdigitated gaps to the resonators, the Q-factor has been enhanced with larger 
frequency shifts. The mechanical strain sensors finds potential applications in biomedical 
applications to sense micron scale strain. 
4.3 Dual-axis Strain Sensing 
The single axis strain sensing is further extended to perform dual axis strain 
sensing with the help of four-fold symmetric Jerusalem crossbar design. In the absence of 
substrate deformation, the structure exhibits a 2D isotropic response to the incident 
terahertz radiation. Whereas, when the strain is applied along the main axis leads to optical 
anisotropy, which is manifested through a change in the resonance behaviour. By 
observing this anisotropic resonance property, it is possible to distinguish the strain from 
the two orthogonal directions.  
4.3.1 Design and Experimental 
4.3.1.1 Design 
The unit cell shown in Figures 4.16(a) and 4.16(b) comprises a 200 nm thick gold 
layer of resonators encapsulated between the 100 μm and 10 μm thick polymer substrate 
and superstrate. Each resonator is composed of two orthogonal dipoles capped with 
interdigitated capacitors. When a linearly polarized terahertz wave is transmitted through 
this metamaterial, the incident electric field induces a large accumulation of surface 
charges in the opposite edges of the dipole that aligns with the polarization; hence, a strong 
electric field is established across the capacitive gap between dipoles. The dipole 
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resonance frequency can be approximately evaluated from the equivalent inductance and 
capacitance in the form of equation (4.1). 
 
 
Figure 4.16 Schematics of the unit cell with dimensions a = 78 μm, s = 47 μm, e = 9 μm, c = 3 μm, 
g0 = 3 μm, gc = 3 μm, w = 5 μm, t = 10 μm, and d = 100 μm shown in (a) and (b). Numerical results 
for the transmission spectra with different gap widths, for horizontal and vertical polarizations in 
(c) and (d), respectively, when the strain is loaded along the x-axis. The percentage values are the 
calculated strain of the unit cell. 
 
The substrate and superstrate are made of PDMS, which is a flexible polymer with 
excellent mechanical durability. The substrate and superstrate deformations result in a 
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change in the width of the capacitive gaps perpendicular to the applied strain. The 
capacitive alteration results in a change in the resonance, which can be interrogated via 
terahertz radiation with a polarization in the direction parallel to the strain. The resonance 
frequency shifts toward higher frequencies with an increasing gap width, and vice versa. 
The interdigitated gaps between unit cells lead to a higher Q-factor resonance and 
consequently improved sensitivity [124]. 
To predict the electromagnetic resonance behaviour of the resonators, the design is 
simulated using CST Microwave Studio. The simulated transmission at the frequencies 
from 0.5 to 0.9 THz can be found in Figures 4.16(c) and 4.16(d). At equilibrium, i.e., in 
the absence of an applied force, the resonance frequencies for the two orthogonal dipoles 
are equal to 0.69 THz and the Q-factor calculated from f0∕Δf is equal to 13. The stretching 
force applied along the horizontal axis is expected to change the width of the vertical gap 
from 3.1 to 5.3 μm. In this case, the simulation shows that the resonance frequency for the 
horizontal dipole shifts from 0.698 to 0.740 THz. Despite this, the resonance of the vertical 
dipole is minimally affected by this mechanical deformation. 
The author would like to acknowledge the Dr. Jining Li, Nankai University, China 
for his contributions in simulation of the design and iterative discussions to come up with a 
reliable design. 
4.3.1.2 Fabrication 
The resonator structures are realised using the fabrication technique demonstrated 
to realise single-axis strain sensors, as discussed in section 4.2.1.2.  
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4.3.1.3 Testing of Dual-axis Strain Sensors 
The measurement is performed by using a fibre-coupled terahertz time-domain 
spectroscopy system. The terahertz beam is collimated and focused onto the sample by two 
polymer lenses. The polarization of the emitter is set to 45° with respect to the horizontal 
axis, with a polarizer placed in the middle of the two lenses to further refine the 
polarization angle. The fabricated metamaterial is mounted using two plastic clamps that 
are attached to a custom-made test jig which allows the mechanical stretching with 
micrometre precision. The transmitted terahertz waves for the two orthogonal 
polarizations, Ehor and Ever, are detected separately by adjusting another polarizer in front 
of the detector. The initial sample length, less the area covered by the clamps, is l0 = 6.14 
mm. The stretching displacement is applied in discrete steps with Δl = 60 μm defining the 
step size. The strain is defined as (l − l0)∕l0 × 100%, where l is the stretched sample length. 
During the experiment, the strain is varied up to 10 steps. At every Δl step, the two signals 
with orthogonal polarizations are recorded.  
4.3.2 Results and Discussion 
The transmission responses are presented in Figure 4.17. The initial resonance 
frequency of the metamaterial for the two orthogonal polarizations at its relaxed position is 
equal to 0.70 THz, which matches well with the predictions from simulation. As stretching 
is applied along the horizontal direction up to 10Δl; the resonance frequency of the 
horizontal dipole shifts upward by 36 GHz, to 0.74 THz, or about 6% (see Fig. 4.17(a)). 
The resonance frequency for the vertical dipole remains around the initial frequency under 
the horizontal strain (see Fig. 4.17(b)). Figure 4.18 shows the resonance frequency for the 
105 
 
horizontal dipole as a function of the applied strain. This relationship indicates a 
reasonably linear sensitivity level of 3.68 GHz/% strain. In addition, in Figure 4.17(a) the 
transmission minimum for the horizontal dipole resonance increases with an increase in 
strain, due to a decrease in the gap capacitance. The strain in the experiment is about 3 
times larger than that in the simulation. This discrepancy is due to the non-uniform local 
stretching in the direction of the applied force, which results in strain variation over the 
sample surface. Discrepancies in the transmission magnitude between the numerical and 
experimental results can be ascribed to the dielectric loss of PDMS and the geometric 
tolerances in the samples. The experimental results demonstrate that the two dipole 
resonances respond separately to the orthogonal stretching. The resonance changes only 
when the applied stretching component aligns with the respective dipole. 
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Figure 4.17 Measured transmission magnitude of the fabricated metamaterials with the 
polarization is (a) parallel and (b) perpendicular to the applied force. 
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Figure 4.18 Resonance frequency as a function of the applied strain. The resonance frequency is 
taken from Figure 4.17(a). 
 
In summary, resonators with two orthogonal dipoles with interdigitated capacitors 
at the gaps have been successfully realised and tested. Using this design, resonance 
frequencies for two dipoles in a single unit cell have been tuned independently by straining 
the samples in respective directions. 
4.4 Summary and Outlook 
A process has been developed to microfabricate planar single and multi-layered 
high-resolution resonator structures on PDMS elastomeric substrate that enables 
metamaterials operating at terahertz frequencies to demonstrate exotic electromagnetic 
phenomenon. A fishnet structure was realised using a multi-layer fabrication process to 
demonstrate negative permeability at its resonance frequency. The top and bottom layers 
of fishnet structure were misaligned by few microns but that did not hinder the operation 
108 
 
of the structure, which suggests the high tolerance of terahertz electromagnetic response to 
the micron-scale misalignment. Mechanically tunable planar metamaterials (I1 and I2 
shaped resonator designs) fabricated on thin (100 µm) highly elastomeric PDMS substrate 
were used to demonstrate continuous tunability of the resonance frequency for a small 
applied strain. An enhanced frequency shift has been observed by addition of interdigitated 
gaps to the resonators, a higher Q-factor and larger frequency shift was obtained. Further, 
an upward shift of resonance frequency from 6.3% to 8.3% has been obtained by repeated 
cycles of stretching and relaxing measurements, which has been attributed to the 
coalescing of the metal conductors during repeated cycles of stretching. In addition to 
single-axial strain sensing, Jerusalem crossbar structures made up of two orthogonal 
dipoles with interdigitated gaps were explored to demonstrate dual-axis strain sensing. It 
was shown that the resonance frequency varies with approximately linear sensitivity as a 
function of applied strain, with a step-increase of 3.68 GHz/%strain. 
This chapter has demonstrated new functional devices to realise metamaterials with 
enhanced electromagnetic response when operating at terahertz frequencies. PDMS 
substrate has excellent mechanical durability and, its low propagation losses and good 
transmission characteristics (low permittivity and low loss-tangent) at terahertz frequencies 
confirm its suitability to realise metamaterials at terahertz frequencies. The extracted 
terahertz properties of PDMS substrate will enable modelling of significant resonator 
designs to demonstrate predictable metamaterials behaviour on PDMS substrate. The 
experimental technique demonstrated to realise the structures in this chapter was reliable 
and showed good agreement with the simulated resonators and behaved as it was 
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modelled. The sub-wavelength resonators realised on PDMS substrate exhibit strong 
resonance response with enhanced sensitivity when operating at terahertz frequencies. The 
thickness of the metal layers used in realising the resonator patterns were of several skin 
depths to ensure no field penetration through the metal. The elasticity of PDMS substrate 
has been exploited to realise metamaterials to demonstrate continuous tuning of resonance 
frequency by applying micron scale mechanical strain. This is a passive tuning mechanism 
and does not require any integration of bias lines and non-linear elements to tune the 
metamaterials. Such mechanical deformation techniques can be used to overcome the 
narrowband operation of metamaterials and it can be used to realise reconfigurable 
metamaterials. Encapsulation of metal layers under PDMS allowed repeatable stretching of 
the electrodes without any delamination of metal layers from its substrate and 
disintegration of resonators during its operation. The electromagnetic devices realised on 
PDMS elastomeric substrate can be adhered easily with non-planar surfaces as an in situ 
interrogated sensing platform. The ability to integrate lab-on-a-chip devices with 
metamaterials can be used to demonstrate tuning and sensing. The approaches presented in 
this chapter to realise metamaterials on elastomeric substrate can also be used to realise 
functional components necessary to operate at terahertz frequencies. 
The resonators demonstrated in this chapter have been typical conductive circuit 
type resonators. At terahertz frequencies, metal behaves as a PEC and cannot support 
surface plasmons for strong-field enhancements. Hence, complementary design resonators 
with high Q-factor and alternate substrate will be exploited in the next chapter to 
demonstrate surface plasmons at terahertz frequencies.  
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Chapter 5  
Surface Plasmons at Terahertz 
Frequencies 
Surface plasmon polaritons (SPPs) are bound electron oscillations propagating 
along the interface between a dielectric and conductor when excited by an external 
electromagnetic radiation. The enhanced wave confinement of SPPs promise increased 
spatial resolution, which could potentially lead to single-molecule sensing at the terahertz 
region. 
In the previous chapter, a process was created to realise structures on elastomeric 
substrate to demonstrate terahertz metamaterials. The aim of this chapter is to realise 
compact and high-Q resonators operating at terahertz frequencies to demonstrate 
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plasmonic phenomena. The plasmonic devices to be studied in this chapter can support 
strong field enhancement within a compact region and surface wave propagation. They are 
sensitive to its surroundings and can be used to sense thin dielectric films and biological 
assays. Microfabrication techniques will be utilised to realise these plasmonic structures. 
In the first half of the chapter, microstructures operating at terahertz frequency with 
strong resonance response and minimal coupling of resonance with its neighbouring unit-
cells will be studied. The realised structures will be capable of locally enhancing the 
plasmonic fields. In the second half of this chapter, a modified complementary split-ring 
resonator design, also operating at terahertz frequencies, will be studied to support surface 
wave propagating on the metal-dielectric interface of the structure. 
The work presented in this chapter was published as a peer-reviewed article in 
Advanced Optical Materials [125] and in the Proceedings of the 2012 Conference on 
Optoelectronic and Microelectronic Materials and Devices [126]. 
5.1 Coaxial Micro-Cavities 
The SPPs can only be sustained at frequencies right below the plasma frequency 
for Drude conductors, where the real permittivity is slightly negative and the imaginary 
part is small. For most metals this region lies in the visible and UV part of electromagnetic 
spectrum. At terahertz frequencies, the properties of metals approach a perfect electric 
conductor (PEC), leading to field delocalization into grazing waves or Sommerfeld–
Zenneck waves [127-129]. Hence, a highly doped-silicon substrate with high carrier 
concentration will be used to demonstrate the SPPs. 
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In this section, a coaxial micro-cavity design is investigated and realised on a 
doped semiconductor substrate to experimentally demonstrate terahertz localised surface 
plasmon resonances (LSPRs). A single coaxial microcavity can be described as a blind 
annular hole etched into a doped semiconductor wafer, which intrinsically supports 
terahertz SPPs. The LSPRs to be discussed have strong field localisation in sub-
wavelength volume and find many interesting applications, including sensing and imaging. 
5.1.1 Design and Modelling 
A unit cell of the coaxial micro-cavity is illustrated in Figure 5.1, along with the 
dimensions and the incident field vectors. The cavity can be described as an annular air-
filled groove with a straight cross-sectional profile that is etched into a homogeneous 
material, in this case a moderately doped-silicon substrate. Each sample is composed of 
thousands of identical cavities, periodically arranged as a 2D array on the substrate. As 
shown in Table 5.1, samples with two different cavity depths are investigated to observe 
variations of the plasmon resonance. The average radius of the annular groove is fixed for 
all of the designs, resulting in a nearly constant cut-off frequency of the resonance mode. 
The various wall separations introduce different conditions for the mode confinement. The 
wafer is thick enough to suppress field transmission to the other side. The choice of silicon 
as a substrate is based on availability and manufacturability, although InSb has a higher 
carrier mobility or equivalently lower dissipation. It will be demonstrated later that doped-
silicon can reasonably support non-propagating terahertz LSPRs, despite a moderate 
electron mobility and hence a moderate plasmonic absorption. 
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Figure 5.1 Schematic of a unit cell coaxial micro-cavity. (a) Top view and (b) cross-section view. 
The square unit cell size is fixed at 200 µm, and the silicon substrate thickness ‘t’ is 270 µm. The 
inner radius (ri), outer radius (ro), and cavity depth (d) are given in Table 5.1. The diagram is not to 
scale. 
 
Table 5.1 Dimensions of the fabricated coaxial micro-cavities. All units are in micrometers. The 
average radius ravg equals 65 µm for all of the samples. 
Sample Cavity 
depth 
d 
Wall gap 
g = ro - ri Outer radius 
ro 
Inner 
radius 
ri 
L40 
L50 
L30 
S40 
S30 
S20 
50 
50 
50 
25 
25 
25 
40 
30 
20 
40 
30 
20 
85 
80 
75 
85 
80 
75 
45 
50 
55 
45 
50 
55 
 
The silicon wafers used to realise LSPR have (100) orientation and doped with n-
type carriers (phosphorus). The material resistivity lies in between 0.02–0.05 Ω-cm. In 
order to experimentally determine the optical properties of these wafers at terahertz 
114 
 
frequencies, the measured complex reflectivity of the bare silicon wafer is fitted with the 
Fresnel equation incorporating the Drude model [130]. In this procedure, the carrier 
concentration is the only free parameter, whilst the electron mobility is determined from 
this concentration through an empirical model [131]. As a result, the carrier concentration 
of the silicon at room temperature is estimated as 2.0 × 10
17
 cm
−3
, yielding a plasma 
frequency of 7.87 THz, whilst the electron mobility is estimated at 603 cm
2
V
−1
s
−1
, and 
hence the collision frequency equals 1.78 THz. The DC resistivity estimated from the 
mobility and the concentration equals 0.05 Ω-cm, within the range specified by the 
manufacturer. From these quantities, the complex permittivity at 1.0 THz is determined to 
be −3.14 − j26.45. Hence, the SPP propagation length on the silicon–air interface is 
1.27 mm, and the decay lengths normal to the interface are 246 μm into the air and 
9.24 μm into the silicon substrate. 
The author would like to acknowledge Dr. Withawat Withayachumnankul, 
University of Adelaide, Australia for his contributions in simulation of the design. 
5.1.2 Fabrication 
The coaxial micro-cavities are fabricated using conventional microfabrication 
techniques involving photolithography and deep reactive ion etching (DRIE). The 
fabricated structures are then examined using a Philips XL-30 scanning electron 
microscope (SEM) to determine the depth and smoothness of the vertical walls obtained 
from the DRIE process. Figure 5.2 shows the SEM micrographs of the coaxial micro-
cavities imaged with a 45° tilt. The SEM micrographs confirm that smooth and straight 
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sidewalls obtained from DRIE. One of the wafers is cleaved and loaded orthogonally into 
the SEM to image the cross-sectional depth of the etched wafers (Fig. 5.3), which confirms 
the data obtained from a profilometer analysis. The total area for each sample is 
10 × 10 mm
2
, containing about 2500 identical cavities. 
 
 
Figure 5.2 Scanning electron microscope images of the fabricated micro-cavities. Partial view of 
the cavity arrays (a) L40, (b) L30, and (c) L20. (d) Magnified view of a single cavity L20. The 
SEM images were captured at 45° tilt. All the above samples have been etched to a depth of 
50 µm. 
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Figure 5.3 Cross-sectional SEM image of DRIE etched silicon wafer. The micrograph was 
captured by loading the wafer orthogonally into the SEM. 
 
5.1.3 Experimental Setup 
Reference measurements are obtained by coating the surface of a bare silicon wafer 
with a 200 nm thick gold layer to create a terahertz mirror. The measurement is carried out 
in reflection-mode terahertz time-domain spectroscopy (THz-TDS) with a pair of 
emitting/detecting photoconductive antennas (PCAs) on LT-GaAs substrates. The 
generated linearly polarized terahertz beam propagates through a beam splitter and is then 
focused by an elliptical mirror to a focal beam diameter of 8 mm onto the sample at normal 
incidence. The beam reflected from the sample is collected by the same mirror back to the 
beam splitter that partially reflects the energy into the PCA detector. The entire terahertz 
path is purged with nitrogen to avoid water vapour absorption lines. The total scanning 
duration is 68 ps and is digitized with a step size of 0.06 ps. For comparison, 
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electromagnetic simulations are performed with a commercial full-wave frequency-domain 
solver, CST Microwave Studio, based on the finite-element method. In the simulated 
models, the dielectric properties of the silicon are described via the Drude model with the 
plasma frequency and scattering rate estimated earlier. Unit-cell boundary conditions are 
employed for the transverse boundaries to replicate an infinite planar array. A Floquet port 
excites the array with a normally incident plane wave and also collects the scattered field. 
The simulation using ANSYS HFSS with a similar setting produces comparable results. 
5.1.4 Results and Discussion 
The normalized reflection magnitude profiles for the 50 μm depth cavity arrays are 
shown in Figure 5.4. The measurement and simulation results are in general agreement 
with slight discrepancies due to fabrication tolerances, system noise, and sample 
alignment. No transmission through the wafer is detectable within the system bandwidth 
and dynamic range for all of the samples. The normalized reflection spectrum for the bare 
silicon illustrates the transition from metal to dielectric, corresponding to the zero 
permittivity crossing at 1.46 THz. This zero crossing at 1.46 THz must not be confused 
with plasma frequency, because metals at high frequencies do not comply with the free-
electron model. The high reflection towards low frequencies demonstrates the metallic 
characteristic of the material. The response of all the micro-cavity samples follows the 
silicon reflection baseline. For all the cavities with a 50 μm depth, the resonance is evident 
around 1.0–1.2 THz, where the arrays dissipate a relatively large amount of incident 
energy. As the wall separation in the cavities becomes narrower, the resonance frequency 
undergoes red-shift, and the resonance strength becomes weaker. Supplementary 
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simulation reveals that the lattice constant has a negligible effect on the resonance 
characteristics, except for the resonance strength that decreases with a larger separation. 
Observed in the simulation results in Figure 5.4(b), the lattice mode is manifested as a 
small dip at 1.5 THz, which corresponds to the lattice constant of one wavelength. It is 
noteworthy that no resonance is observed in simulations of PEC cavities with the same 
dimensions. 
 
 
Figure 5.4 Normalised reflection spectra for micro-cavity arrays with 50 µm cavity depth. (a) 
Experimental and (b) simulation results. The reflection spectrum for the bare silicon is included for 
comparison. All the spectra are normalised to the reference taken from the gold-coated silicon 
wafer. The shaded area in (a) marks the limit of the system dynamic range [30]. 
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Figure 5.5 Numerically resolved field distribution in the coaxial micro-cavity. (a) Instantaneous 
electric field pattern over the opening of the coaxial cavity, and (b) absolute electric field strength 
across the centre of the cavity. The cavity dimensions are according to sample L40. The field plots 
are on resonance at 1.2 THz. The maximum field strength is set to 0 dB. 
 
 
Figure 5.6 Numerically resolved absolute electric field strength for the 50 µm cavities. The 
frequency for each field profile is at the resonance of the structure, i.e., 1.04, 1.13, and 1.20 THz 
for samples L20, L30, and L40, respectively. The field profile is located across the opening of the 
cavity along the incident polarization. The field strength is the component normal to the cavity 
walls, and is normalized to that on the bare silicon surface. 
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The simulated field distribution on resonance is given in Figure 5.5 for a specific 
sample. The electric field pattern in Figure 5.5(a) resembles the TE11 (dipolar) mode of a 
coaxial waveguide. The fundamental TEM mode, which is radially symmetric, cannot 
develop inside the cavity because of the plane wave excitation. Associated with this TE11 
mode is the strong field enhancement close to the cavity walls at the aperture, owing to the 
plasmonic effect and the singularity at the corners, as shown in Figure 5.5(b) and 
Figure 5.6. Figure 5.6 further shows that a narrower wall separation leads to stronger field 
strength in the middle of the aperture. This developed hyperbolic field variation for the 
component perpendicular to the aperture walls is similar to the behaviour of gap-plasmon 
modes exclusively found in plasmonic waveguides [132]. In these coaxial cavities the 
aperture with a sub-wavelength gap size is excited by a nearly constant field to couple to 
only the even or symmetric mode [133]. On closer inspection, the absolute electric field 
strength in Figure 5.5(b) reveals a pair of a node at the bottom and an anti-node at the top 
of the 50 μm depth cavity. This node pair indicates the fundamental Fabry–Pérot 
resonance. Further insight into the response of these cavities can be gained from the 
dispersion behaviour of plasmonic coaxial waveguides. The nature of the SPP mode in the 
waveguides is close to that of the planar hetrostructure comprising 
conductor/dielectric/conductor, where the SPP modes on the two inter-faces interact and 
give rise to the coupled mode [134]. The approximated dispersion model can be expressed 
in the transcendental form: [135]  
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where β and k0 denote the SPP and free-space wavenumbers, respectively;    and    for 
the relative permittivities of the doped-silicon and free space, respectively; ν for the 
angular momentum, equal to 1 for the TE11 mode; ravg = (ro + ri)/2; and g = ro − ri. 
Equation (5.1) yields the dispersion diagram for the designed cavities, given in Figure 5.7 
in comparison to the dispersion relation for the PEC waveguide operating in the same 
mode. It is obvious that the PEC waveguide sustains fast waves, with the exact cut-off 
frequency at about 0.73 THz. On the other hand, the same mode in the plasmonic coaxial 
waveguides evolves from fast waves at low frequencies to slow waves at high frequencies. 
In case of the lossless plasmonic waveguides in Figure 5.7(a), the propagation constant 
goes towards infinity, as the frequency approaches the surface plasmon frequency at 1.30 
THz where εc = −1 [134]. Contrarily, the propagation constant for the lossy waveguides 
becomes finite at the surface plasmon frequency, as illustrated in Figure 5.7(b). As the wall 
separation is reduced, the propagation constant for the plasmonic waveguide increases, 
equivalent to an increase in the effective refractive index. Correspondingly, the cut-off 
frequency for the plasmonic waveguide becomes dependent on the wall separation. The 
resonance condition has to account for the cavity length, propagation constant, and the 
phase changes upon reflection at both ends of the cavity. The behaviour of the cavity open 
end is close to that of a perfect magnetic conductor (PMC) that induces a zero phase 
change to the reflected wave. The bottom of the cavity, made of the doped-silicon, imposes 
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about −0.9π reflection phase shift, estimated from a plane-wave simulation. The slight 
deviation from the PEC reflection phase of −π is due to significant field penetration into 
the material. From this observation, the condition for the resonance can be approximately 
given as βN = (2N + m) π/2d, where βN is the SPP wavenumber inside the cavity for the 
N
th
-order resonance (N = 0, 1, 2,…), d is the cavity depth, and m = [0.9, 1.0] for the 
plasmonic and PEC boundaries, respectively. From Figure 5.7(b), the fundamental 
resonance N = 0 of the 50 μm depth PEC cavity operating in the TE11 mode would take 
place at 1.67 THz. For the plasmonic cavities L40, L30, and L20 sustaining the same 
mode, the resonance frequencies are estimated to be around 1.34, 1.28, and 1.18 THz, 
compared with the simulation and experimental results of 1.20, 1.13, and 1.04 THz, 
respectively. 
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Figure 5.7 Dispersion diagram for the TE11 mode in the PEC and plasmonic coaxial waveguides. 
(a) Lossless plasmonic cavities, i.e. ℑ(εc) = 0, and (b) lossy plasmonic cavities. The dispersion for 
the PEC waveguide depends only on the average radius [35], set to 65 µm as that for all the 
plasmonic cavity designs. The dispersion for the plasmonic waveguides is determined from 
equation (5.1). The vertical lines indicate the wavenumber β0 where the fundamental resonance is 
expected for cavities with a depth of 50 µm. 
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Figure 5.8 Normalised reflection spectra of micro-cavity arrays with 25 µm cavity depth. (a) 
Experimental and (b) simulation results. All spectra are normalised to the reference taken from 
gold-coated silicon wafer. The reflection spectrum for bare silicon included for comparison. The 
shaded area in (a) marks the limit of the system dynamic range. 
 
A slight difference between the analytical and experimental results is likely from a 
small phase change introduced by the fringing field above the cavity opening. As the 
physical length of the cavity becomes shorter, in the case of a lossless plasmonic material 
the resonance is expected to converge to the surface plasmon frequency where the 
wavenumber is infinite [134]. However, this convergence is not observed in the lossy 
material, since the wavenumber becomes finite. Figure 5.8 shows the response of the 25 μ 
m depth cavities, S20, S30, and S40 in the TE11 mode. In these cases, the reflection dip can 
be observed around 1.5 THz. From the resonance condition and the dispersion relation, 
these cavities are expected to exhibit the fundamental resonance at the wavenumber of 
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β0 = 5.7 × 10
4
 m
−1
, or equivalently around 2.5 THz. However, as discussed earlier, beyond 
1.46 THz this doped-silicon becomes a lossy dielectric, and hence, no longer supports the 
SPP mode. Therefore, the structure cannot sustain the expected resonance at 2.5 THz, and 
the observed dip in the reflection magnitude is in fact the resonance shoulder. On the other 
hand, as the physical length of the cavity becomes longer, the fundamental resonance 
experiences red-shift, and at the same time higher-order cavity modes N > 0 can be 
supported. The simulation shows that a first-order mode (N = 1) can be observed when the 
cavity depth is at least 140 μm. For the structure with the same radii as L30 and the depth 
of 140 μm, the fundamental and first-order resonances take place at 0.72 THz and 
1.35 THz, respectively. Despite that, the fabrication to achieve this level of cavity depth 
becomes difficult with present capabilities. The resonance mechanism involving the 
plasmonic effect can be summarized as follows. A freely propagating wave is incident on 
the sample and then diffracted by the apertures of the sub-wavelength cavities. The 
diffraction allows phase matching and excitation of the bound mode along the cavity walls 
that support cylindrical SPPs. The characteristics of cylindrical SPPs depend on the mode 
field distribution, which in this case corresponds to a coaxial TE11 mode, as well as the 
cavity geometry that influences the mode coupling between the two sidewalls. The 
resonance originates from the standing wave of the guided SPP inside the cavity upon 
reflection at its open and blind ends. In effect, the resonant cavity appears slightly longer 
because of the plasmonic confinement along the walls, the fringing fields at the aperture, 
and the field penetration at the bottom of the cavity. The observable shift in the resonance 
despite a fixed cavity depth is due to a reduced wall separation that results in a change in 
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the SPP wavenumber. Resonance damping is caused by resistive loss in the silicon. Owing 
to the non-radiative mode in the cavity, the resonance frequency is virtually independent of 
the lattice constant. 
The author would like to acknowledge Mr. Korbinian Kaltenecker from the 
University of Freiburg and Dr. Bernd M. Fischer from University of Adelaide, Australia 
for their help with measurements. 
5.1.5 Summary 
Plasmonic coaxial micro-cavities operating at terahertz frequencies have been 
successfully realised on a doped-silicon substrate. It is experimentally demonstrated that 
the microcavities built into a doped-silicon layer can support LSPRs through the inter-play 
between the cylindrical SPPs and the cavity modes. The interaction between the bound 
electromagnetic waves and surface electron oscillations effectively leads to the sub-
wavelength dimensions of the cavity. Since the resonance originates inside the cavity, the 
inter-cell coupling is minimal. The field confinement inside the cavity is suitable for 
applications in terahertz integrated optics. Additionally, it is possible to realise negative-
index materials from this terahertz coaxial microcavity array [136].  
5.2 Complementary Split-Ring Resonator based Waveguides 
The plasmonic coaxial micro-cavities discussed in previous section were able to 
support strong field localisation, but to sustain terahertz wave propagation on the surface, 
an alternate design consisting of complementary structures will be investigated. A 
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complementary split-ring resonator (CSRR) metamaterial design operating at terahertz 
frequencies has the potential to support spoof SPPs or surface wave. The spoof SPPs 
propagate along the surface due to the coupling of CSRR resonators, which will be realised 
on a low-loss substrate, to maximise the propagation length. Such surface waves find 
potential applications in sensing small volume assays and dielectric thin-films. The effect 
of substrate properties on the resonances and propagation of surface waves will be 
investigated. 
5.2.1 Design (PDMS substrate) 
A CSRR metamaterial design has been previously proposed to support spoof SPPs 
[137]. In our investigation, a scaled version of single and double-CSRR metamaterial 
designs are simulated as a periodic infinite array operating at terahertz frequencies. The 
complementary structure can be described as etched openings in metal layers in the region 
of split-rings and continuous metal coverage elsewhere. The structures are composed of 
thousands of identical unit-cell structures arranged periodically as a 2D array on the 
substrate. Figure 5.9 shows a schematic of the modelled double-CSRR along with the 
design parameters. The simulations were carried out using ANSYS HFSS full-wave 
electromagnetic simulator and CST Microwave studio. The structure is simulated as 
periodic and infinite in the x-y plane, using HFSS. Since the double split-ring is not 
symmetric on reflection, Floquet ports were used to create an infinite translational array. 
The opposing M1, S1, M2, and S2 boundaries in Figure 5.9 were set to Master-slave pairs 
respectively. The excitation was applied to the Floquet port F1 in front of the structure, and 
the transmission to the opposing Floquet port F2 was obtained. The parameters of the 
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Floquet ports were set to ensure zero phase shift between the ports and hence this can be 
considered as a simulation of an incident wave propagating normal to the plane of the 
structure. The polarisation of the excitation was set such that its magnetic field is parallel 
to the split spans of the CSRR ring, and the electric field parallel to the unsplit spans of the 
rings. 
 
 
Figure 5.9 (a) Unit cell of a double-CSRR. (b) Corresponding schematic of a double-CSRR unit 
cell where L = 80 µm; a = 65 µm; g = 8 µm; and w = 4 µm. 
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A CSRR unit cell modelled as an infinite 2D array is excited by a plane wave, and 
the resonance response is observed. The behaviour of metal layer performance on the 
resonance response was compared for a perfect electric conductor (PEC) and a lossy metal. 
A CSRR unit cell on a PDMS substrate was also investigated. The dielectric permittivity 
εr = 2.3 and loss tangent δ = 0.02-0.04 values of the PDMS substrate at terahertz 
frequencies were obtained from the fishnet structures realised on PDMS substrate (see 
Fig. 4.1) [36]. 
5.2.2 Results and Discussion 
In order to determine the resonance frequency of the complementary split-ring 
design, the transmission response simulations are obtained using ANSYS HFSS simulator. 
The transmission spectra of a CSRR unit cell modelled with a perfect conductor and lossy 
gold layer with five skin depths in free space is shown in Figure 5.10. The transmission 
spectra confirm a strong resonance at ~590 GHz. In the absence of dielectric loss the 
CSRR can provide a sharp resonance at terahertz frequencies; however, a more practical 
configuration requires a substrate. 
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Figure 5.10 Transmission response comparison for a PEC layer and 400 nm gold layer (5δ). 
 
In a second investigation, the metal was modelled as a PEC, but a substrate with 
the dielectric constant and loss tangent of PDMS was included. The thickness of the 
PDMS identified as ‘t’ was chosen such that the losses of PDMS substrate and fabrication 
challenges are minimum for demonstrating SPP, in Figures 5.9(a) ‘t’ was varied to observe 
its effect on the transmission spectrum, as shown in Figure 5.11. It is observed that with 
the addition of PDMS substrate there is a red-shift in the resonance frequency and a 
reduction in the magnitude. This effect can be attributed to an increase in the effective 
capacitance and resistance of the CSRR due to the substrate. 
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Figure 5.11 S21 dependence on PDMS thickness, varied from 20 µm to 100 µm in steps of 20 µm. 
 
The dispersion diagram for wave propagation along the surface of the CSRR is 
shown in Figure 5.12. The plot was obtained using the Eigen mode solver in HFSS for 
PEC and gold metal layer CSRR without the substrate. The result demonstrates a wide 
operating bandwidth of the CSRR structure. The surface wave vector for the CSRR design 
is diverging from the light line. This confirms the existence of spoof SPPs on the structures 
surface. 
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Figure 5.12 Dispersion diagram of the CSRRs for PEC and gold layers. 
 
The CSRRs when simulated as a freestanding structure demonstrates sharp 
resonance and its potential for supporting SPPs. From the simulation results, it is observed 
that by addition of substrate there is a red-shift in the resonance frequency and reduction in 
the magnitude. This substrate effect can be minimized by fabricating the CSRR on a low-
loss, low refractive index and isotropic substrate like COC, which was further investigated. 
5.2.3 Design (COC substrate) 
From the previous simulations it was found that PDMS substrate had an impeding 
effect on the resonance frequency and reduction in magnitude. Hence, the design of 
terahertz CSRR requires special attention to the choice of materials to realise SPPs. In our 
next simulations the substrate was replaced by cyclic olefin copolymer (COC) a rigid 
substrate with very low loss (higher than 80% transmission) at terahertz frequencies and 
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refractive index of ~1.5, with such low loss, low refractive index and no anisotropy, it has 
exceptional transparency at terahertz frequencies and can support longer physical 
propagation of the SPPs. In addition, COC shows good chemical resistance to solvents and 
etchants making it suitable for microfabrication processes. 
 
 
Figure 5.13 Dispersion curve for single and double CSRR obtained using Eigen-mode analysis. 
 
Dispersion simulations were repeated to obtain the frequency below which the 
surface waves can be sustained. The dispersion plots were obtained for the design 
suggested by Navarro et al.,[137] and a modified design with just one split-ring resonator 
(single-CSRR). The simulations were carried out using CST Eigen-mode solver, with 
periodic boundary conditions in the SPPs propagation direction, PMC boundary conditions 
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in the transversal direction and PEC on top and bottom, far enough from the CSRR. The 
PMC boundary condition allows repeating of the unit-cell periodically parallel to the 
direction of boundary condition. The dispersion simulations were repeated on COC 
substrate without the resonators, shown as COC line in Figure 5.13. 
5.2.4 Results and Discussion 
From the dispersion diagram, the cut-off frequency for single-CSRR was found to 
be at 0.58 THz. Below the cut-off frequency at 0.58 THz, strong field confinement over 
the surface of the CSRR-based waveguide is observed. The field distribution exhibits 
spoof-SPP propagation. Above the cut-off frequency, the SPP is no longer supported, and 
hence only free-space radiation is observed. 
In the next analysis, the single-CSRR waveguide is simulated as an array of 200 
unit-cells (see Fig 5.14) to obtain the electric-field distribution of the surface wave shown 
in Figure 5.15. The data obtained from the field distribution plots at two different locations 
of waveguide is used to extract the dispersion and absorption coefficient of the single-
CSRR structures (Fig 5.16). 
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Figure 5.14 Schematic of a 200 unit-cell array waveguide. 
 
 
Figure 5.15 Electric-field distribution of a single-CSRR waveguide at different frequency 
intervals. 
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The electric-field plot simulation obtained at Ez = 0.5 THz, where ‘z’ corresponds 
to the field measured in z-direction, confirms existence of surface wave below the cut-off 
frequency (0.58 THz) of a single-CSRR. The electric-field plots compliments the Eigen-
mode dispersion results seen in Figure 5.13. 
 
Figure 5.16 Extracted dispersion and absorption coefficient of the single-CSRR waveguide. 
 
The dispersion plot obtained for an array of CSRRs realised on COC substrate 
confirms its ability to support surface waves. Again, good agreement between the 
extracted dispersion for an array of 200 resonators and Eigen-mode results has been 
obtained. 
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Devices based on the CSRR design on COC can be easily realised using 
microfabrication techniques, and are expected to be tested in the near future with a 
collaborating research group at Imperial College London. 
5.3 Summary and Outlook 
The plasmonic coaxial micro-cavities were experimentally realised on a doped-
silicon wafer to demonstrate strong LSPRs. Doped-silicon was chosen because it can 
intrinsically support SPPs at terahertz frequencies. DRIE was used to etch the doped-
silicon wafer with precise 50 µm deep cavities with smooth sidewalls that cannot be 
obtained by chemical etching process due to the isotropic nature of etching. The strong 
field enhancement demonstrated in this work promises applications in sensing and imaging 
[138], whilst the large energy dissipation by the electron oscillation at resonance suggests 
that it can be implemented for perfect terahertz absorbers [139]. Also, strong-field 
confinement inside the cavity is suitable to realise terahertz integrated optics. Furthermore, 
the structures have the potential to realise negative-index materials.  
In the second investigation, a CSRR design that has the potential to sustain spoof 
SPPs or surface waves has been studied. The effects of the substrate on the resonance 
response of CSRR has been simulated and it was found that to support a surface wave the 
substrate should have low-losses with excellent transmission properties and high 
impedance. PDMS was initially proposed as a possible substrate to support surface waves 
due to the availability of microfabrication techniques and its electrical properties at 
terahertz frequencies. From the simulations, it was found that the effective propagation 
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loss of surface waves on the CSRR waveguide increased due to the substrate intrinsic 
losses and it was not suitable to support the surface waves. In the next investigation a 
commercial substrate (COC), was chosen, which is highly transparent with good electrical 
properties when operating at terahertz frequencies. The simulations were repeated, and 
from the dispersion diagram it was confirmed that the CSRRs realised on COC substrate 
can support SPPs or tightly bound surface waves when operating at terahertz frequencies. 
A good agreement between the Eigen mode analysis and the dispersion plots to support 
SPPs has been obtained using the CSRR design on COC substrate. The CSRR structures 
can be easily realised on COC substrate, a rigid polymer, using standard microfabrication 
techniques. 
The plasmonic structures studied in this chapter find applications in the field of 
dielectric sensing, optical communication, and imaging because of its strong 
electromagnetic field enhancement. The LSPRs in the coaxial micro-cavity structure has 
large field confinement within the cavity and is suitable for terahertz integrated optics and 
negative refractive index materials, whilst the large dissipation suggests its potential to 
implement a terahertz perfect absorbers. The surface waves studied in the second half of 
this chapter is extremely sensitive to its surrounding dielectric environment and can be 
used for low volume dielectric thin-film sensing. The surface propagation of SPPs can also 
be used to demonstrate optical communication components. The proposed structures can 
be integrated with other sensing mechanism such as Attenuated Total Reflection 
Spectroscopy to further enhance the sensitivity necessary for biological and single-cell 
sensing [140].  
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Chapter 6  
Optical Dielectric Resonator 
Nanoantenna 
Advancements in nanofabrication technology have enabled integrated optical 
antennas and visible light antennas. This has led to impressive progress in resonant optical 
nanostructures with potential for tremendous impact in multitude of applications such as 
on-chip wireless optical communication, ultrafast computation, and biomolecular sensing. 
Electromagnetic signals at visible frequencies are normally controlled by redirecting them 
by means of lenses, mirrors, and diffractive elements. Most of the current optical antennas 
are based on plasmonic effects, and achieve a strong field enhancement in a gap between 
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two resonant metallic nanostructures, but they often suffer from intrinsic metal losses 
when operating at optical frequencies [141]. 
In the previous chapters, microfabrication techniques have been used to realise 
resonators on flexible and rigid substrates when operating at microwave and terahertz 
frequencies. In this chapter, electron-beam lithography (EBL) technique will be used to 
realise high-resolution dielectric resonators to demonstrate an antenna operating at visible 
frequencies. The control over the varying diameter of resonators and large area patterning 
will be required to realise a low-loss dielectric optical antenna. The dielectric resonators to 
be discussed in this chapter will have low losses when operating at visible frequencies and 
have the potential to replace the conventional lossy metal-based plasmonic antennas. 
The work in this chapter was published as a peer-reviewed article in Optics Express 
[142]. 
6.1 Design 
The proposed dielectric resonator antennas (DRAs) are inspired by microwave 
DRAs [143], in the form of metal-backed dielectric blocks operating in resonant 
fundamental modes. This type of antennas exploits the principle of “radiation losses” in 
moderate permittivity dielectric resonators [144]. The dielectric resonator is typically 
mounted on a metal coated substrate, which acts as electrical symmetry plane. Since the 
resonator is operated at the fundamental mode, it is typically in the order of a half-
wavelength in size. A high radiation loss of these DRAs, or equivalently a low Q-factor, is 
the basis of coupling to free-space waves. Antennas formed from such resonators are 
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particularly attractive for high frequency operation, as it has been shown that their 
efficiency remains high with increasing frequencies [145], in contrast to the rapid 
efficiency degradation in conventional metallic antennas above 30 GHz. Considering that 
low-loss high-permittivity dielectric materials are available at optical frequencies, it is 
feasible to extend the use of DRAs to optical frequencies, as a pathway towards increasing 
the efficiency of resonant optical antennas. 
The optical DRA presented in this chapter is designed to resonate at 633 nm (He-
Ne lasers red light, 1.96 eV). As shown in Fig. 6.1(a), the resonator has a cylindrical shape 
with a height of 50 nm and a diameter of 162 nm. TiO2 is selected as dielectric material for 
the resonator due to its manufacturability and functionality, offering an anisotropic relative 
permittivity of 8.29 along the planar axes and 6.71 along the cylindrical axis and an 
estimated loss tangent lower than 0.01. The substrate is a 390 µm thick silicon wafer 
coated with a 200 nm thick silver film. The response of silver at 633 nm is described by its 
measured relative permittivity of −16.05 − j0.48 that fully accommodates the effects of 
electron oscillations and inter-band transitions [146]. An isolated DRA on a silver backing 
was simulated in ANSYS HFSS, employing a radiation boundary condition, which is an 
artificial absorbing layer designed to avoid any reflections of incident waves at the 
interface. Figure 6.1(b) shows the magnitude and phase of magnetic field inside the 
resonator alsong x-axis, the plots illustrates that the chosen geometry and materials achieve 
a sufficiently sharp resonance at approximately 645 nm, with a wide range of phase shifts 
available at nearby frequencies. Hence, designing resonators with different geometries will 
tune the resonance frequency and also impart phase shift to a 633 nm incident beam. 
142 
 
Figure 6.1(c) depicts the electric and magnetic field distributions inside the dielectric of 
the fundamental HEM11δ resonant mode, which is characterized by a broadside radiation 
pattern as shown in Figure 6.1(d). This radiation pattern corresponds to a short horizontal 
equivalent magnetic dipole on a metallic plane [147]. It is noted that, despite the fact that 
the magnetic field markedly penetrates into the silver layer, the mode in the resonator 
corresponds qualitatively to the behaviour of the fundamental dielectric resonator mode 
known at microwave frequencies [147]. 
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Figure 6.1 Single optical DRA and its performance. (a) 3D rendered model of the cylindrical DRA 
on the silver substrate (not to scale). The cylinder has a diameter of 162 nm and a height of 50 nm. 
(b) Magnitude and phase of the magnetic field inside the resonator along the x-axis. (c) 
Numerically resolved instantaneous field distribution following plane wave excitation. The electric 
field distribution is represented as vectors, and the magnetic field distribution as colour-map. (d) 
Simulated radiation pattern for in-plane and out-of-plane polarizations. To compute those patterns, 
the DRA on a finite-size silver plane is excited by a vertical current probe at the periphery of the 
cylinder. The asymmetry of this source arrangement explains the imperfect symmetry of the 
patterns. 
 
The functions and performance of optical DRAs can be analysed in an array 
configuration with feeding provided by a free-space wave excitation. The array principle 
has been successfully employed for demonstration of various metallic nanoantennas at 
optical frequencies [148-151]. It eliminates the need for integrated feeding components, 
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such as sources and guiding channels, and thus minimizes complexity and loss. By 
combining multiple optical DRAs with different geometries in an array it is possible to 
observe the coherent (phased) addition of the response of each array element, thus 
providing information about the phase of the radiated wave that would not be readily 
accessible with a single optical nanoantenna. As a proof of concept, an array operating in 
the reflection mode, i.e., a reflectarray [152], can be designed to impart a progressive 
phase shift to the reflected wave along one axis of the resonator array. The desired phase 
delay for each element is achieved by varying the diameter of the dielectric resonator to 
slightly detune it from the resonance. A linear increment in the phase shift imposed to the 
incident beam upon reflection would result in a predefined angular offset of a deflected 
beam relative to specular reflection. It should be noted that the principle of operation of the 
reflectarray differs from that of an optical grating in the sense that the local phase shift is 
not achieved through a difference in the optical path, but rather through the individual 
resonance mechanism of antenna elements with sub-wavelength dimensions. As a result, 
the angular offset between the deflected beam and the specular reflection is nearly 
independent of the angle of incidence and polarisation of the excitation wave. 
The author would like to acknowledge Dr. Longfang Zou for his contributions to 
the design and measurements of reflect array antenna. 
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Figure 6.2 Numerically resolved magnitude and phase response of DRAs at 633 nm. The 
responses vary as a function of the resonators diameter, for a fixed height of 50 nm. The unit cell 
size is 310× 310 nm
2
. The simulation employed a periodic boundary condition to mimic the infinite 
uniform array, and the reference plane is the top surface of the metal plane. The circles indicate the 
selected cylindrical diameters for the non-uniform array.  
 
Based on the array principle outlined above, a DRA-based optical reflectarray is 
designed and fabricated. Figure 6.2 presents the impact of resonator diameter on the 
magnitude and phase of radiation from individual elements as determined from simulations 
of infinite and uniform arrays of dielectric resonators with a height of 50 nm. The phase 
variation obtained from the resonance mechanism can nearly cover the full 360° cycle, 
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whilst the magnitude variation is caused by detuning of the resonator around the 
resonance. The strongest absorption occurs on resonance and amounts to only -3 dB. It 
will be shown later that this reflection magnitude variation has a minimal effect on the 
deflection phase front. By selecting DRAs with a progressive phase increment     of 60° 
as indicated by the circles in Figure 6.2, a sequence of 6-elements can be designed to 
provide a 360° phase ramp, and this 6-cell linear sub-array can be repeated periodically as 
shown in Figure 6.3(a). The deflection angle θ can be calculated from 
 
      
    
     
 
where λ0 and ‘a’ denotes the free-space wavelength and unit-cell size respectively. 
According to this equation 6.1, the reflectarray should exhibit a deflection angle of 19.9° if 
excited with a normal incident plane wave. This theoretical deflection angle is confirmed 
by the scattered field of the infinite array of sub-arrays, as shown in Figure 6.3(b). The 
non-uniformity of the reflected wavefront is associated with the grating lobes (also called 
spatial harmonics or Floquet modes). A plasmonic wave can also be observed in the metal 
layer, since the DRA array acts similarly as a periodic perturbation to match the in-plane 
momentum of the incident wave to the propagation constant of the surface plasmon 
polaritons (SPPs) [153]. As described by Eq. 6.1, the angle of deflection can be predefined 
by adjusting the progressive phase and distance between the elements. Although in theory, 
the angle of deflection can span ± 90°. The maximal achievable angle of deflection for 
(6.1) 
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normal incidence is limited by several practical factors: the beam-width of the individual 
element radiation pattern (Fig. 6.1(d)), the inherent widening of the array factor at larger 
deflection angles, and the unpredictable mutual coupling effects between increasingly 
dissimilar elements. For reflectarray realizations demonstrated at microwave frequencies, a 
scanning range of ± 40° to ± 50° off broadside can be attained [152]. 
 
 
Figure 6.3 Geometry of antenna array and scattered fields. (a) Schematic showing a partial view of 
an antenna array made of 6-cell sub-arrays with DRAs diameters of 66, 154, 170, 180, 193 and 242 
nm and a unit-cell size of 310 nm (not to scale). (b) Scattered electric fields of the 6-cell sub-array 
for the TE-polarized wave, obtained from numerical simulation. The direction of the incident plane 
wave is perpendicular to the array, and the deflection angle θ equals 19.9°.  
  
6.2 Fabrication 
The linear 6-element sub-array of DRAs was used as a building block for a 
∼40 × 40 µm2 array containing 126 × 126 resonator elements. Several arrays were realised 
by a multi-stage nanofabrication process, incorporating thin film deposition and electron-
beam lithography (EBL) steps. Figure 6.4 presents a schematic of the fabrication sequence. 
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A 200 nm thick layer of silver was deposited from a 99.99% pure disc by electron-beam 
evaporation following pump-down to a base pressure of 1× 10
−7
 Torr (Fig. 6.4(b)). High-
resolution electron beam resist polymethyl methacrylate or PMMA was spin-coated onto 
the silver-coated dies. The electron beam resist coating is a two-step process. First, a layer 
of EL6 copolymer (PMMA with ∼8.5% methacrylic acid, MicroChem Corporation) is 
spin-coated at 2,750 rpm for 30 s and cured at 150 °C for 30 s on a hot plate. Second, a 
layer of PMMA (MicroChem Corporation) is coated at 2,000 rpm for 30 s and cured at 
180 °C for 90 s on a hot plate. The thickness of the resulting resist layer was ∼200 nm 
(Fig. 6.4(c)) [154]. The PMMA resist layer was patterned by electron-beam direct writing 
in a field emission gun scanning electron microscope (FEG SEM, Nova NanoSEM, FEI 
Company). The patterning process was controlled by a commercial computer-aided design 
package (Nanometer Pattern Generation System). Before patterning the actual design, a 
dose analysis test was performed to obtain the correct dose value at which the PMMA 
resist should be exposed for optimal pattern transfer. At this dose, the PMMA resist is 
exposed uniformly without any under or over exposure. The dose analysis was performed 
by direct write of small and large pattern parameters at various line doses. The resulting 
patterns were imaged to determine the optimal dose value, which was 0.07 nC/cm, for the 
nanoantenna arrays presented here. The electron-beam patterned PMMA resist was 
developed using a commercial developer consisting of methyl isobutyl ketone (MIBK) in 
isopropyl alcohol (IPA) in a 1:3 ratio to obtain high-resolution features. The electron-beam 
patterned samples were first rinsed with IPA (to make the resist more hydrophilic) and 
then dipped in the MIBK:IPA::1:3 developer for 60 s, with the sample constantly agitated 
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during this developing process. A schematic of the resulting structure is shown in 
Figure 6.4(d). The dielectric TiO2 films of 50 nm thickness were deposited at room 
temperature using electron-beam evaporation, after attaining a base pressure of 
1 × 10
−7 
Torr (Fig. 6.4(e)). A lift-off process was then used to obtain the final nanoscale 
structures by dissolving the sacrificial PMMA layer in acetone with ultrasonic agitation. 
The resulting nanocylinders of TiO2 (Fig. 6.4(f)) were annealed for two hours at 600 °C in 
a vacuum furnace, which was pumped down to a pressure of 1 × 10
−5 
Torr. The 
crystallographic analysis of a 50 nm thick uniform TiO2 layer demonstrated the anatase 
phase of this film. A small area of the fabricated array shown in Figure 6.4(g) illustrates 
the nonuniform resonator diameters along one axis. 
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Figure 6.4 Schematic of the fabrication sequence for the optical dielectric resonator antenna 
arrays. (a) Pre-cleaned silicon substrate. (b) 200 nm silver thin-film deposited by electron-beam 
evaporation. (c) Electron-beam resist (PMMA) spin-coated to attain ∼200 nm thickness. 
(d) PMMA resist patterned by electron-beam direct writing in a field emission gun scanning 
electron microscope. (e) TiO2 deposited to a thickness of 50 nm by electron-beam evaporation. 
(f) Finally, the sacrificial PMMA layer is dissolved to attain TiO2 cylinders that are annealed in 
vacuum at 600 °C for 2 h to attain crystalline material. (g) Scanning electron micrograph revealing 
a few sub-arrays.  
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6.3  Results 
To characterize its reflection characteristics, the antenna array is excited by using a 
Newport R-31007 linear-polarized red He-Ne laser with a wavelength of 633 nm. A 
microscope lens with a focal length of 16.5 mm tightly focuses the beam to a spot with 
diameter smaller than 40 µm. To measure the specular reflection and the deflection, the 
incident beam is aligned at an angle α of 30° from normal to the array surface, as 
illustrated in Figure 6.5. A Thorlabs LC100 CCD linear camera is scanned transversally to 
the direction that bisects the deflection angle θ, and is located 60 mm away from the array 
surface. The reflection pattern in Figure 6.6(a-c) demonstrates a deflection of the main 
specular beam by the expected 19.9°, while the spatial harmonics are clearly identified. 
The power ratio of the deflected beam to the zeroth-order spatial harmonic (at the specular 
angle) determined from the linear camera detector amount to 4.42, demonstrating the 
expected operation of the reflectarray. 
 
Figure 6.5 Experimental schematic. The measurement system comprises a He-Ne CW laser at 
633 nm, a microscope objective lens, and a CCD camera. The incident angle α is ∼30°, and the 
deflection angle θ is ∼20° from specular direction. 
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Figure 6.6 Beam reflection pattern. (a) The beam reflection patterns obtained from antenna array 
theory calculation. (b) Linear camera detector. (c) CCD imaging. Angle of 0° denotes the direction 
of the specular reflection. The theoretical calculation in (a) is obtained by superimposing the 
phased contributions of the elements in the array (following antenna array theory [155]) with their 
progressive phase retrieved from the realised resonator diameters (Fig. 6.4(g) and Fig. 6.2(b)). The 
obtained re-radiation angular pattern is subsequently projected on a screen modelled as realised in 
the experiment. 
 
Imperfections evident in the deflected beam are explained by the tolerances of the 
fabrication, which affect the planar nature of the reflected beam and thus introduce power 
in the undesired spatial harmonics, as can be estimated from standard antenna array theory 
[155]. It is worth noting that the small height and area covered by the TiO2 are not 
sufficient to explain the deflection through resonant grating diffraction, and therefore, the 
agreement of the simulation with the experimental results demonstrate the occurrence of a 
resonance in the individual DRAs. 
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The efficiency of the resonant DRAs can be experimentally evaluated from a 
uniform array of cylindrical resonators with a diameter of 180 nm, a height of 50 nm, and a 
periodicity of 350 nm. This particular geometry supports the maximum resonance, i.e., 
zero phase change and strongest absorption. When excited by a Gaussian illumination 
beam, the array reradiates at an angle corresponding to the specular reflection. Regardless 
of the incident polarization, both the simulation and measurement reveals that about 35% 
of the incident power is reflected by the array, normalized to the specular reflection of the 
bare silver surface. It is anticipated that the missing 65% of the power is absorbed by the 
array, as plasmonic and dielectric losses. It can be inferred from simulations performed 
with the TiO2 dielectric loss set to zero that less than 19% of the incident power be 
attributed to dissipation in the dielectric resonators, and the remaining 46% is coupled to 
SPPs. Hence, the dielectric resonator intrinsic efficiency of around 80%, combining the 
energy of the deflected beam and SPPs, has to be put into perspective of the expected 
plasmonic antenna efficiency [156]. The plasmonic coupling can potentially be suppressed 
by replacing the metal plane with a dielectric mirror, whereas in this case a full resonator 
will have to be considered in the design because of the absence of mirroring plane. On the 
other hand, dielectric resonators can be optimized to efficiently couple free-space waves 
to/from SPPs. 
6.4 Summary and Outlook 
Optical antennas based on nanometre-scale cylindrical dielectric resonators 
operating in their fundamental mode have been experimentally demonstrated by using a 
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reflectarray platform to manipulate free-space visible light. The fabricated device 
comprising an arrangement of TiO2 cylinders near resonance introduces a progressive 
phase delay to the wavefront, resulting in a clearly observable beam deflection. The use of 
low-loss dielectric resonators to concentrate radiation from far-field modes into a sub-
wavelength volume opens a new paradigm alternate to purely plasmonic (metallic) 
antennas. This is a precursor to purely dielectric resonator antennas with minimal energy 
dissipation. These nano-DRAs provide an additional building block for planar optical 
components or coupling structures for surface plasmons. Advanced designs exploiting 
these DRAs promise to establish this type of structures in emerging nano-photonics 
applications, such as short-range optical communications, ultrafast computation, and 
molecular sensing. 
In this work, EBL has been used to realise high-resolution nanoscale dielectric 
resonators to demonstrate a low-loss optical antenna. Large area patterning has been 
carried out using EBL to realise periodic arrays of TiO2 nanocylinders. The EBL technique 
was used to achieve good control over the TiO2 nano-cylinders of diameters varying from 
80–260 nm. The refractive index of the TiO2 thin-films has been controlled using a thermal 
annealing process. 
In future, it would be possible to realise such visible frequency antenna on a 
flexible substrate. Substrates like PDMS and PEDOT:PSS [Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)] are transparent at visible frequencies and 
have the potential to replace rigid substrates to realise an optical antenna. For example, 
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PDMS has low surface energy with good adhesion properties which can be exploited to 
transfer the dielectric resonators from its carrier substrate onto PDMS to realise a flexible, 
conformable and potentially tunable optical antenna [46]. 
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Chapter 7  
Conclusions and Future Work 
7.1 Concluding Remarks 
The vision for this PhD involved developing processes to realise sub-wavelength 
resonators on rigid and elastomeric substrates, with the potential to make them tunable and 
control/modify the electromagnetic radiation. Such sub-wavelength dimension 
electromagnetic resonator structures have been successfully realised using conventional 
micro- and nano-fabrication techniques. The implementation of elastomeric PDMS 
substrate to realise electromagnetic devices turned out to be a crucial step, where its 
mechanical properties have been exploited to demonstrate bias-free switching of a 
transmission line, tuning via mechanical deformation, mechanical strain sensing and 
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negative permeability structures, which can be potentially used to realise negative index 
materials. 
During the course of this research, many reports on use of flexible substrates and 
fabrication techniques used to realise metamaterials operating at terahertz and optical 
frequencies have been studied. In the literature review chapter, the mechanical and 
electrical properties of commonly used polymer substrates to realise metamaterials and 
detailed description of micro- and nano-fabrication techniques to realise planar and 3D 
metamaterials on flexible substrates have been presented. This review identified the 
suitability of flexible substrate to realise metamaterials with low-losses and mechanical 
tuning capabilities. 
A detailed summary of results and outlook is presented at the end of each of the 
respective chapters or sections. This chapter provides a brief summary of the results 
obtained in this thesis. These results highlight that there is scope for much more 
investigation of sub-wavelength electromagnetic structures and fabrication techniques that 
can enable exotic phenomena and sensing applications. The scope of such future work will 
be discussed. 
7.1.1 Single- and Multi-layer Flexible Electromagnetic Structures 
A simple technique to realise patterned conductors on elastomeric PDMS substrate 
using conventional microfabrication techniques has been developed. Multi-layer structures 
in elastomeric PDMS were obtained by repeating the planar fabrication process. 
Encapsulation of metal layers under PDMS allowed repeatable stretching of the electrodes 
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without delamination of metal layers from their substrate. Coplanar waveguide operating 
at microwave frequencies was integrated with a novel bias-free pneumatic switch to 
demonstrate repeatable switching with good isolation between its ‘on’ and ‘off’ states. 
Novel flexible terahertz metamaterials, such as fishnet and interdigitated I-shaped 
structures have been realised to demonstrate negative permeability at resonance frequency 
and mechanically induced strain sensing, respectively.  
7.1.2 Characterization of PDMS 
Electrical characterization of PDMS at microwave and terahertz frequencies has 
been carried out, in order to enable future stretchable electronics and metamaterial devices. 
Microscopy techniques were used to study the microstructure of metal films deposited on 
PDMS substrate. The evolution of micro-cracks due to stretching and coalescing of films 
has been analysed. The micro-cracks were found to run in a direction transverse to the 
stretching of the PDMS substrate and through AFM scans it was confirmed that this relates 
to ~40% of the gold thickness. 
7.1.3 Terahertz Plasmonics 
Complementary structures that can support SPPs are realised to demonstrate 
strong-field enhancement and surface wave propagation when operating at terahertz 
frequencies. DRIE was used to realise plasmonic coaxial micro-cavities of precise depth 
on doped-silicon wafer. The realised structures have been used to experimentally 
demonstrate LSPRs in a compact region when operating at terahertz frequencies. In 
addition, CSRR has been modelled to sustain terahertz resonances or spoof SPPs. Low-
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loss COC substrate has been proposed as a suitable substrate to enable propagation of 
spoof SPPs at terahertz frequencies. 
7.1.4 Low-loss Optical Antenna 
Sub-wavelength array of dielectric resonators for wavefront engineering and beam 
steering has been realised using nano-fabrication process. The resonators made of 
dielectric material have low losses over its contemporary metallic resonators when 
operating at optical frequencies. It was experimentally demonstrated that the nanoantenna 
introduces a progressive phase-delay to the wavefront resulting in deflection of an optical 
beam. 
7.2 Future Work 
Significant strides have been made in the development of electromagnetic 
structures on flexible and rigid substrates as part of this PhD project, however the author 
feels that there still exist numerous opportunities for continuing research in alignment with 
those presented in this thesis, and recommends the following as future work: 
 Recent progress in the realisation of electromagnetic structures has been 
predicated on advances in polymer chemistry, materials engineering and 
micro/nano fabrication techniques. Advanced polymers that can assemble to form 
repeating structures of required symmetry and size to form complex 3D 
architectures have the potential to realise transformation optics and plasmonic 
metamaterials. The ability to scale such polymers using advance fabrication 
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techniques will allow devices operating over a vast range of frequencies. Shape 
memory polymers, switchable surfaces and dynamic surface topography in 
confluence with materials engineering and advanced fabrication techniques will 
allow realisation of exotic metamaterial applications. 
 Another prospect for the future of metamaterials is the integration of lab-on-a-
chip components, like pneumatic valves, with the electromagnetic devices. This 
will provide enhanced control over the operation of individual and multiple 
resonator elements and allow multi-frequency switching. The use of air-pressure 
to switch reduces the complexity of the design and need for integration of non-
linear components, further reducing the need for external power. Such switching 
operation will open up opportunities in tunable metamaterials to demonstrate 
broadband operation. 
 The single-axis and dual-axis strain sensors realised on elastomeric substrates 
have potential application in biocompatible strain sensing. As a future work, the 
strain sensing for the dual-axis can be carried out simultaneously by designing the 
unit cell to resonate at different frequencies for the two orthogonal polarizations. 
 Surface plasmons at terahertz frequencies are non-ionising and find applications 
in the field of dielectric thin-film, biological and single-cell sensing. The micro-
cavities realised on doped silicon wafer demonstrates strong-field enhancement 
whilst the large energy dissipations by electron oscillations on resonance suggests 
that it has the potential to be used as terahertz perfect absorbers. The strong-field 
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confinement is also suitable to implement terahertz integrated optics and 
negative-index metamaterials. 
 A structure that can support propagating surface waves at terahertz frequencies 
has been analysed. The design has been optimised for microfabrication. 
Experimental verification of the modelled CSRR on COC substrate will provide a 
platform to sense ultra-thin dielectric films and low volume liquids. . 
 Low-loss dielectric resonators operating at optical frequencies have opened up a 
new paradigm alternate to purely plasmonic (metal) antennas. The nano-DRAs 
demonstrated in this thesis can be used as a building block for planar optical 
components or coupling structures for surface plasmons. The dielectric resonators 
can be efficiently scaled to realise low-loss antennas operating at higher 
frequencies. A combination of EBL and transfer of nanopatterns onto elastomeric 
substrates, transparent at visible frequencies, will enable flexible plasmonic 
structures for biological sensing. 
The potential of metamaterials is still clogged by the limitations of materials and 
practicality of reproducing large area structures operating at higher frequencies. 
Alternative flexible materials with low losses and excellent mechanical properties in 
confluence with low loss dielectric resonators could potentially lead to novel devices 
capitalising on cross-disciplinary fabrication capabilities.  
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